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ABSTRACT 
 
 
Computational models combined with electrophysiological studies have 
informed our understanding about the role of hippocampal subfields (dentate 
gyrus, DG; CA subfields, subiculum) and Medial Temporal Lobe (MTL) cortex 
(entorhinal, perirhinal, parahippocampal cortices) during working memory (WM) 
tasks. Only recently have functional neuroimaging studies begun to examine 
under which conditions the MTL are recruited for WM processing in humans, but 
subfield contributions have not been examined in the WM context. High-
resolution fMRI is well suited to test hypotheses regarding the recruitment of MTL 
subregions and hippocampal subfields. This dissertation describes three 
experiments using high-resolution fMRI to examine the role of hippocampal 
subfields and MTL structures in humans during WM.  
Experiment 1 investigated MTL activity when participants performed a task 
that required encoding and maintaining overlapping and non-overlapping 
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stimulus pairs during WM. During encoding, activity in CA3/DG and CA1 was 
greater for stimulus pairs with overlapping features. During delay, activity in CA1 
and entorhinal cortex was greater for overlapping stimuli.  These results indicate 
that CA3/DG and CA1 support disambiguating overlapping representations while 
CA1 and entorhinal cortex maintain these overlapping items.  
Experiment 2 investigated MTL activity when participants performed a WM 
task that required encoding and maintaining either low or high WM loads. The 
results show a load effect in entorhinal and perirhinal cortex during the delay 
period and suggest that these regions act as a buffer for WM by actively 
maintaining novel information in a capacity-dependent manner.  
Experiment 3 investigated MTL activity when participants performed a WM 
task that required maintaining similar and dissimilar items at different loads. 
Analysis of a load by similarity interaction effect revealed areas of activity 
localized to the CA1 subfield. CA1 showed greater activity for higher WM loads 
for dissimilar, but not similar stimuli.  
Our findings help identify hippocampal and MTL regions that contribute to 
disambiguation in a WM context and regions that are active in a capacity-
dependent manner which may support long-term memory formation. These 
results help inform our understanding of the contributions of hippocampal 
subfields and MTL subregions during WM and help translate findings from animal 
work to the cognitive domain of WM in humans.
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When we experience multiple episodes of events in our daily lives, a limited 
amount of information can be maintained in our immediate memory. Working 
memory (WM) refers to our capacity to temporarily manipulate this limited 
amount of information for a short period of time during different cognitive tasks 
(Baddeley, 1986). WM is often compared with long-term memory (LTM), a 
memory system that can retain information for longer periods of time (Cave & 
Squire, 1992). Early studies of patients with medial temporal lobe (MTL) lesions 
found intact WM abilities, despite impairments on LTM tasks (Baddeley & 
Warrington, 1970; Milner, 1972). Based on these studies, researchers concluded 
that WM and LTM maintained separate underlying neural systems, with MTL 
structures involved in LTM formation, while WM operated independent of these 
structures (Baddeley & Hitch, 1974).  
This traditional idea has been challenged from recent findings and has led 
to debate about the role of the MTL and hippocampus in WM. A number of 
patient studies, reviewed below, have reported impaired WM performance 
following MTL lesions. Additionally, recent neuroimaging studies show MTL 
activity during short-delay tasks involving different types of visual stimuli. It has 
been theorized that an episodic buffer may act as a mediator between WM and 
LTM (Baddeley, 2000). Computational models have identified specific regions 
within the MTL that may play a key role in an episodic buffer and may contribute 
to encode WM information into LTM storage. This dissertation will review 
evidence concerning the specific role of MTL subregions and hippocampal 
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subfields in WM and will form the basis of the investigations in subsequent 
chapters.  
 
1.1 Evidence Supporting MTL Contributions during Working Memory 
The medial temporal lobe (MTL) structures, consisting of the hippocampal 
subfields (dentate gyrus, DG; CA subfields, subiculum) and MTL cortex 
(entorhinal, perirhinal, parahippocampal cortices) have been areas of 
considerable focus in memory research. In 1957, surgeons removed extensive 
bilateral sections of the hippocampus, amygdala, and the entorhinal cortex (EC) 
from a patient by the name of Henry Molaison (H.M.) to treat recurring seizures 
due to epilepsy. Although the surgery alleviated the incidence of recurring 
seizures, H.M. suffered severe anterograde amnesia, the impairment in the 
formation of new long-term memories. His basic perceptual functions were 
spared, suggesting that areas within the MTL are essential in forming episodic 
memories (Scoville & Milner, 2000). Early testing of H.M.’s WM suggested that 
these abilities were spared particularly in maintaining a three-digit number for 15 
minutes (Milner, 1972), maintaining both numbers and auditory tones over a 
delay (Wickelgren, 1968), and maintaining spatial memories at delays of up to 
one minute (Warrington & Baddeley, 1974), possibly due to high familiarity of the 
stimuli and repeated exposure along with preservation of semantic memory 
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capabilities (Corkin, 2002). Subsequent studies of well-characterized populations 
of amnesic patients have observed similar findings (Cave et al., 1992).  
Recent findings have suggested that the hippocampus and MTL cortices 
may be necessary during WM tasks employing novel, unfamiliar, or non-
verbalizable stimuli. Paradigms employing nonverbal stimuli such as faces, 
patterns, or motor movements have reported impaired WM performance with 
delays from 6-30 seconds in amnesic patients with lesions limited to the MTL 
(Warrington & Taylor, 1973; Cermak & Uhly, 1975; Haxby, Lundgren, & Morley, 
1983; Buffalo, Reber, & Squire, 1998). Evidence from non-human primate 
studies have similarly shown that lesions to the MTL significantly impair 
maintaining visual information over the course of 15-30 seconds (Zola-Morgan, 
Squire, Amaral, & Suzuki, 1989; Baxter & Murray, 2001). These observations are 
consistent with single-unit recordings showing that cells within the MTL are 
activated over the course of a brief delay (Watanabe & Niki, 1985; Nakamura & 
Kubota, 1995; Young, Otto, Fox, & Eichenbaum, 1997; Suzuki, Miller, & 
Desimone, 1997). Moreover, increased MTL metabolic activity has been 
documented during delayed-response tasks (Friedman & Goldman-Rakic, 1988; 
Cahusac, Miyashita, & Rolls, 1989; Sybirska, Davachi, & Goldman-Rakic, 2000; 
Davachi & Goldman-Rakic, 2001).  
Human neuroimaging findings have also shown evidence of the 
involvement of the MTL during WM. In particular, the MTL has been shown to be 
functionally recruited during WM tasks using non-verbal stimuli including faces 
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(Ranganath & D'Esposito, 2001; Nichols, Kao, Verfaellie, & Gabrieli, 2006), 
complex images of scenes (Stern, Sherman, Kirchhoff, & Hasselmo, 2001), bar 
orientation (Pessoa, Gutierrez, Bandettini, & Ungerleider, 2002), and novel visual 
objects (Ranganath, Cohen, & Brozinsky, 2005b). The MTL also shows activity 
during the short-term maintenance of faces and expressions (McIntosh, Grady, 
Haxby, Ungerleider, & Horwitz, 1996; Hannula, Tranel, & Cohen, 2006; LoPresti, 
Schon, Tricarico, Swisher, Celone, et al., 2008). Delay-period activity during WM 
has also been shown to be associated with performance on a current task 
(Pessoa et al., 2002) and in subsequent long-term memory performance (Schon, 
Hasselmo, LoPresti, Tricarico, & Stern, 2004; Ranganath & D'Esposito, 2005a; 
Nichols et al., 2006). 
Recently, it has been proposed that the MTL does not support WM. 
Instead, MTL contributions during WM reflect LTM mechanisms when WM 
demands or item loads are increased (Jeneson, Mauldin, & Squire, 2010; 
Jeneson, Wixted, Hopkins, & Squire, 2012). Behavioral studies of amnesic 
patients have employed interference during WM delay to test the effects of a 
distraction on WM performance. An investigation introduced a distraction during 
an 8-second delay period and assessed performance in patients with MTL 
damage and in control subjects (Shrager, Kirwan, & Squire, 2008). Analysis of 
performance indicated that patients showed no impaired performance compared 
to controls where the same distraction impaired control performance, suggesting 
that patients could successfully maintain information in WM. The analysis also 
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indicated that both groups performed above chance and therefore there was no 
floor effect during the distraction conditions. However, in patient studies, a 
distinction cannot be established between continuing MTL encoding and 
sustained contributions of the MTL during the WM delay. 
 
1.2 Medial Temporal Lobe Circuitry and Function 
Based on anatomical studies, it has been suggested that the MTL is well suited 
to quickly combine incoming relevant stimuli and separate these representations 
from one another to rapidly form episodic representations. Cortical inputs to the 
hippocampus enter through initial synaptic connections via the perirhinal (PrC) 
and parahippocampal (PHC) cortices (Suzuki & Amaral, 1994; Murray, Bussey, 
Hampton, & Saksida, 2000). Projections to the PrC primarily originate from dorsal 
visual areas while caudal visual areas, in addition to superior temporal, posterior 
parietal, and retrosplenial areas, innervate the PHC (Van Hoesen, 1982). These 
projections suggest that the PrC may be involved in processing non-spatial 
information while PHC may be involved in spatial processing (Suzuki et al., 
1994). The PHC has reciprocal connections with the PrC (Lavenex & Amaral, 
2000), and both the PHC and PrC project to the EC (Suzuki, 1996). The medial 
and lateral portions of the EC also input multimodal streams of information as 
‘where’ and what’ streams to the hippocampus (Manns & Eichenbaum, 2006). 
These divisions have been suggested to contain contextual (rat medial EC: 
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where) and item (rat lateral EC: what) information from upstream PHC and PrC, 
respectively (Manns & Eichenbaum, 2006).  
The flow of information proceeds from the EC to the hippocampus 
(Andersen, Bliss, & Skrede, 1971) and synapses onto hippocampal subregions 
including the dentate gyrus (DG) via the perforant path (Amaral, Ishizuka, & 
Claiborne, 1990) and CA1 and the subiculum via the perforant path (Lavenex & 
Amaral, 2000). Within the hippocampus, information flows from the DG to CA3 to 
CA1, forming the tri-synaptic circuit, a largely unidirectional pathway (Amaral et 
al., 1990; Witter & Amaral, 1991). The DG projects to CA3 cells via mossy fibers, 
forming sparse connections (Treves & Rolls, 1994). CA3 also has high recurrent 
connections and is therefore organized to support the broadest range of 
associations among simultaneous inputs (Treves & Rolls, 1994; Rolls, 1996). 
There are approximately 107 granule cells within the DG and 2.7 x 106 granule 
cells within CA3 (West & Gundersen, 1990). CA3 outputs information via 
Schaffer collaterals to CA1, and output from CA1 continues to the subiculum and 
to the EC (Lopes da Silva, 1991; Lavenex & Amaral, 2000). The EC contains 
reciprocal connections with the perirhinal and parahippocampal cortices and 
these share reciprocal connections with neocortical areas (Lavenex & Amaral, 
2000; Lavenex, Suzuki, & Amaral, 2002). Taken together, the MTL receives 
highly processed information from different sensory modalities and plays a 
prominent role in processing these inputs. Critically, these representations must 
be made rapidly and must also be made distinct from one another. What follows 
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is a review of evidence on how hippocampal subfields and MTL subregions may 
rapidly form distinct memory representations.  
 
1.3 Hippocampal Models of Disambiguation in Episodic Memory 
Encoding different events requires rapidly forming distinct representations of 
overlapping elements. For example, a person may park her car in the same 
parking lot, day after day, and successfully retrieve the location of her car without 
succumbing to interference from other previous similar instances. How is it 
possible to form distinct representations of highly similar episodes? As described 
in the previous section, the circuitry within the hippocampus and MTL cortices 
enables the convergence of information at different stages of memory 
processing. It has been proposed that representations of overlapping events 
become more distinctive as information flows through the hippocampus (Marr, 
1971; Treves & Rolls, 1992; O'Reilly & McClelland, 1994).  
Computational models of disambiguation have highlighted the role of the 
CA3 and DG in separating overlapping representations. An early model 
developed by David Marr (1971) examined the role of the hippocampus in 
disambiguating altered neural representations from the original memory at the 
time of encoding the episode. In this model, Marr theorized that the hippocampus 
is a region capable of rapidly and flexibly associating cortical representations into 
a single memory trace. Specifically, CA3 is capable of storing large numbers of 
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memory representations because of the sparse encoding supported by mossy 
fibers directed to CA3 (1971). This sparse activity may enable the retrieval, via 
direct perforant path projections from the EC, given a partial or degraded cue. 
The sparse memory trace is linked to cortical regions involved in the entire 
memory representation. Therefore, a partial cue can activate the entire memory 
trace, thereby pattern completing a representation and automatically retrieving 
the memory in its entirety. Later models have also attributed this autoassociative 
property to CA3 primarily because of the presence of recurrent collaterals that 
can store episodes by modifying synapses between pyramidal cells 
(McNaughton & Morris, 1987; Treves & Rolls, 1994; Kesner, 2007).  
Subsequent models have also examined how the DG subfield contributes 
to form distinct memory representations for multiple events that share common 
elements. Specifically, the DG has been implicated in playing a key role in 
creating sparse memory representations by orthogonalizing and reducing the 
interference between encoded input patterns (Treves et al., 1992). The DG 
possesses large numbers of neurons that are sparsely active. Therefore, small 
input changes can be easily detected and overlapping experiences can be 
distinguished and disambiguated (McNaughton et al., 1987; O'Reilly McClelland, 
1994). By orthogonalizing these inputs, the DG may be able to pattern separate 
similar inputs and minimize overlap between overlapping representations. The 
section below describes evidence supporting a role for the DG in disambiguation.  
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Computational models have further elaborated on the role of both CA3 
and DG along with CA1 and the EC in processing and minimizing interference 
between episodic events that share overlapping elements. In particular, the flow 
of information from the EC to CA3 via the DG may facilitate disambiguation 
(O'Reilly & McClelland, 1994). Additionally, it has been argued that the 
connection between the granule cells in DG and the pyramidal cells of CA3 via 
the mossy fibers is essential to the formation of distinct representations (Treves 
et al., 1992). Theoretical models also propose that the CA1 subfield contributes 
to disambiguation by forming a sparse map between CA3 and EC, thereby 
reducing interference between overlapping input memory traces (O'Reilly, 
Bhattacharyya, Howard, & Ketz, 2011). Additionally, Rolls and Kesner (2006) 
speculated that CA1 contributes to disambiguate overlapping temporal inputs 
and may consolidate items within events by recoding information from CA3 and 
projecting it to the neocortex.  
 
1.4 Evidence Supporting Computational Models of Episodic 
Disambiguation 
Experimental evidence testing these computational models has emerged from 
lesion, cellular recording, immediate-early gene imaging, and human functional 
neuroimaging studies. Lesions to the hippocampus have resulted in impairments 
at tasks involving conditional discrimination (Squire, 1986), object discrimination 
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(Wible, Shiber, & Olton, 1992), and in spatial discriminations (Gilbert, Kesner, & 
DeCoteau, 1998). Lesions to the hippocampus also result in impairments in tasks 
requiring disambiguating objects that share high degrees of similarity among 
cues. For example, rats with hippocampal lesions show impaired performance at 
differentiating spatial locations with high degrees of similarity or overlap among 
the cues (Gilbert et al., 1998). Additionally, hippocampal lesions also disrupt the 
ability to distinguish sequences of odors with overlapping elements (Agster, 
Fortin, & Eichenbaum, 2002).  
Studies have specifically implicated DG and CA3 hippocampal subfields in 
playing a key role in disambiguating overlapping elements. Gilbert and 
colleagues (Gilbert, Kesner, & Lee, 2001) demonstrated that rodents with DG 
lesions show impaired performance at discriminating items with overlapping, 
similar spatial cues. Cellular recording studies suggest that CA3 neurons 
contribute to the discrimination of similar environmental cues (Tanila, 1999). 
Parallel evidence supporting a role of CA3 in spatial disambiguation have 
emerged from ensemble recordings (Lee & Kesner, 2004; Leutgeb, Leutgeb, 
Treves, Moser, & Moser, 2004; Leutgeb, Leutgeb, Treves, Meyer, Barnes, et al., 
2005). Lesions to both DG and CA3 result in significant impairment in tasks 
requiring disambiguating highly similar cues among objects (Hunsaker, Tran, & 
Kesner, 2008). Recently, human neuroimaging studies have employed high-
resolution imaging to investigate the hippocampal subfields during 
disambiguation during episodic tasks. A high-resolution fMRI experiment 
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employed a task in which participants viewed a series of pictures and identified 
which pictures were novel, repeated, and perceptually very similar to those 
previously shown (Bakker, Kirwan, Miller, & Stark, 2008). The CA3/DG region 
showed activity when participants viewed slightly similar items, but not during 
repeated items suggesting that the CA3/DG subfield may be functionally 
recruited to distinguish overlapping items during episodic retrieval. 
The CA1 subfield and the entorhinal cortex (EC) also contribute when 
overlapping elements are disambiguated. During spatial alternation tasks, CA1 
activity in rats varied at locations that overlapped in left-to-right and right-to-left 
trials (Wood, Dudchenko, Robitsek, & Eichenbaum, 2000). Similar findings have 
also been reported in variations of overlapping spatial navigation tasks (Frank, 
Brown, & Wilson, 2000; Lee, Griffin, Zilli, Eichenbaum, & Hasselmo, 2006). 
Entorhinal cortex neurons also show significant activation when overlapping 
sequences of spatial locations were disambiguated (Lipton, White, & 
Eichenbaum, 2007). Furthermore, these observations are consistent with 
recording studies that show CA1 activity when overlapping sequences of non-
spatial events are disambiguated (Ginther, Walsh, & Ramus, 2011) 
The hippocampus has also been implicated as a key region in separating 
events or elements within an event that occur closely together in time. Lesioning 
CA1 in animals causes impairments in tasks that require disambiguating 
temporal information. For example, Gilbert and colleagues (2001) investigated 
memory for the temporal order of items. Rats were required to select an arm of a 
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maze that occurred earlier in the sequence of visited arms during a study phase. 
The authors showed that lesions to CA1 impaired the discrimination of items that 
had high temporal interference suggesting that CA1 may contribute to 
disambiguate events that have high temporal interference. Later investigations 
supported this finding by showing that on a similar task, rats were impaired at 
temporal discrimination, but were spared at discriminating odors in the task 
(Kesner, Gilbert, & Barua, 2002; Kesner, Hunsaker, & Ziegler, 2010) and 
supports the role of CA1 in separating events in time for spatial and non-spatial 
items.   
 
1.5 MTL Contributions during Working Memory Delay Periods 
In the absence of visual or sensory input, it has been suggested that activity at 
maintenance, specifically within the PHC, EC, and PrC may enhance successful 
encoding (Jensen and Lisman, 1996; Hasselmo, Cannon, & Koene, 2002; 
Howard, Rizzuto, Caplan, Madsen, Lisman et al., 2003; Koene, Gorchetchnikov, 
Cannon, & Hasselmo, 2003). These regions are theorized to contain neurons 
that show persistent firing following an after-depolarizing potential (Lisman & 
Idiart, 1995). Over a delay period, the EC has been theorized to support actively 
maintaining representations (Fransén, Alonso, & Hasselmo, 2002). The authors 
proposed that the presence of calcium-sensitive nonspecific cation currents 
(INCM) within the EC may underlie delay-related activity during delayed matching-
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to-sample (DMS) tasks. Neuronally, bursting activity in slice preparations of EC 
cells, and sustained activity of EC pyramidal cells following depolarizing currents 
have been suggested as a mechanism for supporting representations across a 
delay (Klink & Alonso, 1997a; Klink & Alonso, 1997b; Egorov, Hamam, Fransén, 
Hasselmo, & Alonso, 2002). Additional studies have shown EC activity during a 
delay period in WM tasks in both rodents and humans (Young et al., 1997; 
Suzuki et al., 1997; Schon et al., 2004; Tahvildari, Fransén, Alonso, & Hasselmo, 
2007; Yoshida, Fransén, & Hasselmo, 2008). Beyond the EC, persistent firing 
has also been documented within the perirhinal cortex (Navaroli, Zhao, 
Boguszewski, & Brown, 2012), the CA3 subfield (Jochems & Yoshida, 2013) and 
CA1 subfield (Knauer, Jochems, Valero-Aracama, & Yoshida, 2013). Taken 
together, these studies suggest that EC, PrC and CA1 contribute to maintain 
information across a WM delay.  
 
1.6 Oscillatory Mechanisms of Active Maintenance 
The entorhinal cortex contains stellate cells, endowed with intrinsic properties 
that facilitate theta rhythms (Klink & Alonso, 1997a). Intracranial 
electroencephalography (iEEG) studies in both humans and rodents have shown 
that theta and gamma oscillations are enhanced between the hippocampus and 
the cortex (Kocsis & Vertes, 1997; Chrobak, Lörincz, & Buzsaki, 2000; Fell, 
Klaver, Lehnertz, Grunwald, Schaller, et al., 2001; Fell, Klaver, Elfadil, Schaller, 
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Elger, et al., 2003). These oscillatory rhythms within the MTL are theorized to 
constitute mechanisms by which multiple items are maintained during the WM 
delay and the encoding of these items into long-term memory (Lisman & Idiart, 
1995; Buzsáki & Draguhn, 2004; Jensen & Lisman, 2005).  
Supporting evidence has emerged from iEEG studies documenting an 
increase in the theta and gamma band when participants performed WM tasks 
involving greater loads using letters as stimuli (Raghavachari, Kahana, Rizzuto, 
Caplan, Kirschen, et al., 2001; Howard et al., 2003). Additionally, theta and 
gamma coupling in the hippocampus has been observed during WM paradigms 
(Axmacher, Henseler, Jensen, Weinreich, Elger, et al., 2010) and increased 
synchronization in the MTL has been observed when participants maintained an 
increased number of items during a WM delay (Axmacher, Schmitz, Wagner, 
Elger, & Fell, 2008).  
 
1.7 Motivations 
As described above, evidence from patient and neuroimaging studies has 
challenged the traditional view that the MTL is not necessary for WM tasks. In 
tasks involving non-verbal material, including trial-unique faces or complex 
scenes, patients with MTL lesions show significant WM impairment (Nichols et 
al., 2006; Olson, Moore, Stark & Chatterjee, 2006) and neuroimaging studies 
show MTL recruitment (Stern et al., 2001; Schon et al., 2004; Ranganath et al., 
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2005). It has been suggested that key regions within the MTL contribute to 
actively maintain information and serve as an episodic buffer to encode novel 
items from WM into LTM (Lisman & Idiart, 1995; Jensen & Lisman, 1996; 
Hasselmo et al., 2002; Hasselmo & Stern, 2006; Koene & Hasselmo, 2007). 
Magnetic resonance imaging at high spatial resolutions enables us to adequately 
resolve activity within hippocampal subfields and MTL subregions to investigate 
the response of the MTL to increases in WM load and shed light into the role of 
the hippocampus during WM. 
The goal of this dissertation was to use high-resolution functional 
magnetic resonance imaging (fMRI) to investigate how MTL cortices (PrC, EC, 
PHC) and hippocampal subfield (CA3/DG, CA1, subiculum contribute to WM 
tasks requiring disambiguating overlapping stimuli and in processing items at 
different WM loads. In Chapter 2, I describe an experiment that examined MTL 
and hippocampal activation when participants encoded and maintained pairs of 
facial stimuli that were either overlapping (same face, different expression) or 
non-overlapping (different face, different expression). A contrast between 
overlapping and non-overlapping conditions showed significant activity in 
CA3/DG, CA1, and subiculum during encoding and activation in the 
hippocampus (CA1, subiculum) and MTL cortices (PrC, EC, PHC) during the 
delay period. 
In Experiment 2, described in Chapter 3, I examined MTL activity during a 
delayed-matching-to-sample (DMS) task in which either 4 unfamiliar, outdoor 
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scenes were sequentially presented (high load) or two scenes were presented 
(low load). A contrast between high load and low load conditions revealed activity 
within CA1, subiculum, and amygdala during the sample period. At delay, the 
results showed activity within the EC, PrC, and PHC.  
In Experiment 3, described in Chapter 4, I explored the relationship 
between WM load and disambiguation using similar and dissimilar stimuli at two 
different memory loads. Subjects encoded and maintained either two or four 
sequentially presented facial stimuli. Faces were either similar, morphed to share 
30% of features, or dissimilar, and shared no defining characteristics. We 
showed that activity in CA1 and amygdala was active during sample and delay 
for dissimilar faces at greater loads. Activity within the EC and PHC showed 
activity at sample and delay for similar items at higher loads. 
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CHAPTER 2: Contributions of the Hippocampal Subfields and Entorhinal 
Cortex to Disambiguation during Working Memory 
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2.1 Introduction1 
The hippocampus is critically involved in disambiguation, the separation of 
episodic elements that share common representations. At the subfield level, 
computational models have proposed a critical role for the CA3 and dentate 
gyrus (DG) hippocampal subfields in minimizing interference between events that 
share overlapping elements (O'Reilly & McClelland, 1994; McClelland, 
McNaughton, & O'Reilly, 1995; Levy, 1996; Hasselmo & Wyble, 1997; Sohal & 
Hasselmo, 1998; Hasselmo & Eichenbaum, 2005). Empirical evidence from 
single neuron recordings and lesion studies (Frank et al., 2000; Wood et al., 
2000; Agster et al., 2002; Lee et al., 2006; Lipton et al., 2007; Lee & Solivan, 
2008; Lee & Solivan, 2010; Ginther et al., 2011) as well as recent high-resolution 
fMRI work (Bakker et al., 2008; Lacy, Yassa, Stark, Muftuler, & Stark, 2011) 
supports a role for these structures, along with CA1 and the entorhinal cortex 
(EC), in disambiguation in an episodic context. 
Evidence also suggests that the DG and CA1 are critical in a working 
memory (WM) setting when overlapping representations are encoded. For 
example, lesions to the DG in rats significantly impair WM (Lee & Kesner, 2003; 
Gilbert & Kesner, 2006). In particular, rats with DG lesions show deficits on tasks 
that require distinguishing between highly similar spatial representations (Gilbert 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 This work has been previously published as Newmark, R.E., Schon, K., Ross, R.S., & Stern, C. 
E. (2013). Contributions of the hippocampal subfields and entorhinal cortex to disambiguation 
during working memory. Hippocampus, 23, 467-475. Reprinted here with permission. 
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et al., 2001). Additionally, single neuron recordings show increased CA1 activity 
as rats navigate common locations in overlapping navigation routes (Frank et al., 
2000; Wood et al., 2000; Ginther et al., 2011; Bahar, Shirvalkar, & Shapiro, 
2011), and CA1 has also been implicated in maintaining information across a 
brief temporal delay (Hunsaker, Thorup, Welch, & Kesner, 2006; Furusawa, Hori, 
Umeno, Tabuchi, Ono, et al., 2006; Manns, Zilli, Ong, Hasselmo, & Eichenbaum, 
2007; Kesner et al., 2010). These results suggest that both DG and CA1 may be 
engaged when encoding overlapping representations during WM, while CA1 may 
be recruited for maintaining representations over a brief working memory delay.  
Empirical evidence also suggests that in addition to CA1, the EC may be 
recruited for maintaining overlapping representations across a brief working 
memory delay. Converging findings from single unit recordings (Young et al., 
1997; Suzuki et al., 1997) and persistent spiking activity in slice preparations 
(Klink & Alonso, 1997a; Fransén et al., 2002) have demonstrated sustained EC 
activity at the cellular level during brief delay periods. Additionally, human 
neuroimaging studies have shown that hippocampal and EC activity during the 
delay portion of WM tasks is associated with long-term retention of the 
information presented (Schon et al., 2004; Ben-Yakov & Dudai, 2011). 
Theoretical models have proposed that the EC may aid in binding related 
episodes that overlap in time, or that share the same temporal context 
(Hasselmo & Eichenbaum, 2005; Hasselmo, Giocomo, & Zilli, 2007; Hasselmo, 
2007; Hasselmo, 2009) suggesting that the EC may play a crucial role in 
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maintaining representations that distinguish overlapping events. In support of this 
role, increased neuronal firing within the entorhinal cortex (EC) has also been 
observed when overlapping spatial routes are disambiguated (Lipton et al., 
2007). As such, the EC may be recruited to maintain distinct representations of 
overlapping events across a delay, regardless of the nature of the overlap. 
Our goal was to use high-resolution fMRI to examine the contributions of 
hippocampal subfields and extrahippocampal MTL cortices to the encoding and 
maintenance of overlapping representations during working memory. We 
predicted greater transient activity in CA3/DG and CA1 during encoding of stimuli 
with overlapping features than during encoding of distinct stimuli. In addition, we 
predicted greater sustained recruitment of the EC and CA1 during a brief working 
memory delay period when overlapping stimuli are maintained than when distinct 
stimuli are maintained. To test these hypotheses, we used a delayed matching-
to-sample (DMS) task using face stimulus pairs with either overlapping or non-
overlapping features. To evaluate activation related to separating overlapping 
face pairs and to maintaining distinct representations of these overlapping face 
pairs, we contrasted the overlapping conditions (same identity, different facial 
expressions) with the non-overlapping conditions (different identities, different 
facial expressions) during the sample and delay periods. 
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2.2 Materials and Methods  
2.2.1 Subjects 
Seventeen healthy individuals from the Boston University community (6 male, 11 
female, age 19-31) with no history of neurological or psychiatric illness 
participated in the study after giving informed consent in accordance with the 
Human Research Committee of the Massachusetts General Hospital and the 
Charles River Campus Institutional Review Board of Boston University. One 
subject was eliminated because of poor behavioral task performance. Vision was 
either normal or corrected to normal. Analysis of the fMRI data was performed on 
the remaining 16 subjects (5 male, 11 female, mean age = 21.1 ± 3.6 years). 
 
2.2.2 Behavioral Procedures 
Subjects performed a DMS task using familiarized face stimuli selected from the 
University of Pennsylvania database of facial expressions (Gur, McGrath, Chan, 
Schroeder, Turner, et al., 2002) and other freely available online databases 
(Ekman & Friesen, 1976; Lyons, Akamatsu, Kamachi, & Gyoba, 1998). The 
stimulus set consisted of gray scale images of young, non-famous faces of men 
and women. In total, there were 120 different face identities. Faces varied in 
range of expression including happy, sad, angry, and fearful. The stimuli were 
cropped to 350 x 467 pixels at 28.35 pixels/cm resolution (12.35 cm x 16.47 cm), 
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and the central facial features were isolated by cropping out the peripheral 
features (e.g. hair, clothes; see Fig. 2.1). 
One day prior to scanning, subjects were familiarized with the neutral 
expressions of all 120 face identities. During three different cycles, the subjects 
made subjective judgments (male/female, young/old, and attractive/non-
attractive) while viewing the stimuli. These decision requirements were designed 
to engage the subject in a deeper level of encoding and to minimize any reliance 
on familiarity-based recognition decisions. 
The following day, the DMS task was performed during five functional scans 
(Fig.1). Each trial consisted of two faces presented sequentially for 2 seconds 
each (Sample), followed by a gray background image with a black fixation cross 
presented for an 8-second delay-period (Delay), followed by a single face 
presented for 2 seconds (Test). A variable length (8, 10, or 12 s) inter-trial 
interval (ITI) separated each trial. Specifically, the task consisted of two 
conditions: overlapping (OL) and non-overlapping (NOL). The conditions differed 
only in the type of faces presented during the Sample phase. The face pairs for 
the OL condition consisted of two different expressions from a single individual, 
and those for the NOL condition consisted of two different expressions from two 
different individuals. During the Test period, subjects selected one of three 
possible button-press responses: 1 indicated that the Test face matched both the 
identity and the expression of the first Sample face, 2 indicated that the Test face 
matched both the identity and expression of the second Sample face, 3 indicated 
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that the Test face matched the identity of one of the two Sample faces, but did 
not match the emotional expression (non-match). For both OL and NOL trials, 
non-match trials contained stimuli that were the same identity as one of the two 
Sample faces, but with a different expression. Overlapping/Non-overlapping 
conditions, match/non-match trials, and facial expressions were counterbalanced 
across 5 fMRI runs. Subjects performed 16 trials per run for a total of 80 trials (40 
OL and 40 NOL). For all tasks, stimuli were presented and responses were 
recorded using E-Prime 2 (Psychology Software Tools, Inc., Pittsburgh, PA). 
 
2.2.3 fMRI Data Acquisition 
Imaging data were acquired on a 3.0 Tesla Siemens MAGNETOM TrioTM Tim® 
System scanner (Siemens AG, Medical Solutions, Erlangen, Germany) with a 12-
channel Tim® Matrix head coil at the Athinoula A. Martinos Center for Biomedical 
Imaging (Massachusetts General Hospital, Charlestown, MA). Two high-
resolution T1-weighted magnetization prepared rapid acquisition gradient echo 
(MP-RAGE) structural scans were acquired using generalized autocalibrating 
partially parallel acquisitions (GRAPPA) (TR = 2.530 s, TE = 3.44-3.48 ms, flip 
angle = 7º, number of slices = 176, field of view (FoV) = 256 mm, resolution = 1 x 
1 x 1 mm3). A total of 960 functional volumes were acquired for each participant 
using T2*-sensitive gradient echo echo-planar imaging (EPI) blood-oxygen-level-
dependent (BOLD) scans (TR = 2 s, TE = 34 ms, flip angle = 90º, 22 interleaved 
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slices, field of view (FoV) = 96 mm, matrix size = 64 x 64, resolution = 1.5 x 1.5 x 
1.5 mm3, no interslice skip). We obtained a single T1-EPI scan for each subject 
(TR = 18.280 s; TE = 52 ms; flip angle = 90º, field of view = 192 mm; matrix size 
= 128 x 128 mm2; in-plane resolution = 1.5 mm2, slice thickness = 1.5 mm, 
interslice skip = 0.3 mm; 90 interleaved slices) using the GRAPPA method. All 
EPI image volumes were acquired using slices that were oriented approximately 
parallel to the long axis of the hippocampus, allowing inclusion of all hippocampal 
subfields (CA3/DG, CA1, subiculum), including the hippocampal tail, and MTL 
subregions (perirhinal, entorhinal, parahippocampal cortices, amygdala) in the 
axial plane.  
 
2.2.4 Preprocessing of fMRI Data 
Data were preprocessed using the SPM8 software package (Statistical 
Parametric Mapping, Wellcome Department of Cognitive Neurology, London, 
UK). First, we averaged together the two high-resolution T1 structural scans to 
increase the visual quality of the MTL for manual tracings. The BOLD images 
were then reoriented such that the origin was 8 mm ventral to the anterior 
commissure (AC). The images were then corrected for differences in slice timing, 
realigned to the first image collected within a series, and unwarped to correct for 
image distortions due to susceptibility-by-movement interactions. In addition, the 
averaged MP-RAGE scans and the BOLD scans were coregistered to the T1-EPI 
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scan, and the MP-RAGE scans were segmented into gray and white matter 
images. The segmentation step also produced a bias-corrected MP-RAGE scan 
using the default tissue probability maps as priors. Because regions of interest 
(ROIs) included anatomically defined hippocampal subfields, the standard 
normalization and spatial smoothing procedures were omitted. Instead, ROI-
based regional cross-participant alignment (ROI-AL) procedures were applied 
(Stark & Okado, 2003). The protocol used for ROI definition and anatomical 
tracings and the ROI-AL procedures are described in the following paragraphs. 
 
2.2.5 ROI-Based Cross-Participant Alignment 
We used the ROI-AL method (Stark & Okado, 2003; Bakker et al., 2008) to 
accomplish cross-participant alignment. This method optimizes regional-
alignment and allows more precise localization within anatomically defined 
regions within the MTL and hippocampus (Miller, Beg, Ceritoglu, & Stark, 2005; 
Yassa & Stark, 2009). To perform this cross-participant alignment, we first 
manually delineated each participant’s anatomically defined region-of-interest 
(ROI) using techniques adapted for the visualization and analysis of MTL 
structures and described in more detail below (Insausti, Juottonen, Soininen, 
Insausti, Partanen, et al., 1998; Pruessner, Li, Serles, Pruessner, Collins, et al., 
2000; Zeineh, Engel, & Bookheimer, 2000; Pruessner, Köhler, Crane, Pruessner, 
Lord, et al., 2002; Preston, Bornstein, Hutchinson, Gaare, Glover, et al., 2010). 
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To create the high-resolution ROI-model, we selected a single participant to 
serve as the initial model for the transformation calculations for all other 
participants. Each participant’s set of ROIs were aligned to the model by creating 
a displacement field, and the resulting displacement field was then applied to 
each participant’s structural and statistical data.  
 
2.2.6 ROI Definition 
ROIs included the hippocampal subfields (CA1, dentate gyrus/CA3, subiculum), 
amygdala, entorhinal cortex, perirhinal cortex, and parahippocampal cortex. ROIs 
were manually traced on the bias-corrected, averaged MP-RAGE scans in native 
space (single subject) by one researcher (RN) using the ITK-SNAP software 
package (Yushkevich, Piven, Hazlett, Smith, Ho, et al., 2006) and previously 
published guidelines (Insausti et al., 1998). Boundaries for the hippocampus 
included the fimbria, the inferior horn of the lateral ventricle, the uncus, and the 
quadrigeminal cistern. The subfields of the hippocampus, the subiculum, CA1, 
and CA3/DG, were defined bilaterally using methods described in a previous 
study (Kirwan & Stark, 2007; Kirwan, Jones, Miller, & Stark, 2007) and using the 
Duvernoy atlas (Duvernoy, Cattin, Naidich, Raybaud, Risold, et al., 2005). 
Because the border between CA3 and dentate gyrus could not be anatomically 
distinguished, the two structures were combined to create a CA3/DG subfield. 
Briefly, eight coronal slices that were detailed in the Duvernoy atlas were 
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delineated on the corresponding slices. The manual segmentation continued in 
both anterior and posterior directions to create a smooth transition between 
slices. The perirhinal cortex was delineated using landmarks including the gyrus 
of Schwalbe and the lateral edge of the collateral sulcus. The entorhinal cortex 
was defined by landmarks including the disappearance of the hippocampal 
uncus, and the infero-medial bank of the collateral sulcus. The parahippocampal 
cortex was defined using borders including the splenium of the corpus callosum 
and the perirhinal cortex.  
 
2.2.7 Data Analysis 
Data were statistically analyzed using the SPM8 software package. All single-
subject statistical analyses were performed in native space before cross-
participant alignment with ROI-AL. BOLD activity during the DMS task was 
assessed with multiple regression with near orthogonal regressors, allowing for 
simultaneous and independent analysis of hemodynamic changes during time-
locked task components (Sample, then Delay, then Test). We created 12 
regressors to account for the slow onset of the BOLD signal relative to the 
stimulus presentation. The regressors modeled the 5 components of the task 
(Sample1, Sample2, Delay, Test Match, Test Non-match, and ITI) for each of the 
two conditions (overlapping, OL; and non-overlapping, NOL). Given that 
participants made only very few errors (average number of errors across 
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participants: OL: 4.31 errors, NOL: 2.37 errors), our analysis included correct and 
incorrect trials. Regressors were constructed by using positive stick functions 
convolved with a Gamma hemodynamic response function (HRF) (Boynton, 
Engel, Glover, & Heeger, 1996) in MATLAB 7.5 (The Mathworks, Inc., Natick, 
MA) (Fig. 2.2). Additionally, the delay regressor was separated into 4 quarter 
sized stick functions spread across the 4 TRs (8 seconds) of the delay period to 
account for the sustained time-course and expected weaker signal during this 
phase of the task (Schluppeck, Curtis, Glimcher, & Heeger, 2006; LoPresti et al., 
2008). The 5 functional runs were concatenated in time and treated as a single 
time series. Additional regressors were included in the model to account for run 
number. Linear contrasts were created to compare OL and NOL conditions at the 
Sample, Delay, and Test components. Contrasts of the Sample component 
consisted of a combination of both Sample 1 and Sample 2 regressors because 
of collinearity between the Sample 1 and Sample 2 regressors. Statistical 
parametric t-maps (SPM[T]) were generated for each contrast and participant. 
These contrast images were calculated at the single-subject level in native space 
before ROI-based cross-participant alignment. The pre-processed BOLD images 
were spatially smoothed with a full-width-half-maximum of 3 mm to account for 
variations in individual subjects’ functional anatomy. Group-analyses were 
performed after ROI-based cross-participant alignment of the contrast images. 
Group analyses were performed on each component of the task by entering the 
contrast images from each subject into a second-level random-effects one-
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sample t-test treating subjects as a random factor. A cluster extent threshold was 
enforced to correct for multiple comparisons. Specifically, an individual voxel 
statistical threshold of p < 0.03 was enforced with a minimum cluster extent 
threshold of 20 voxels to correct for multiple comparisons to p < 0.03. The cluster 
extent threshold value was derived from a Monte Carlo simulation with 10,000 
iterations using AFNI’s AlphaSim program (Ward, 2000). Localization of activity 
(OL > NOL) to a particular region was determined by calculating the percent 
overlap between the functionally defined areas and the manual segmentations. 
Additionally, for visualization of our parameter estimates, we averaged the 
extracted values across participants using SPM.  
 
2.3 Results  
2.3.1 Behavioral data  
Behavioral responses and reaction times were recorded and analyzed. A 
repeated-measures ANOVA (overlapping/non-overlapping by match/nonmatch) 
was performed for both accuracy and reaction time. As expected, participants 
performed significantly better on NOL trials than on OL trials (Mean ± Standard 
Error, OL: 89.2% ± 1.20; NOL: 94.0% ± 4.9: F(1,15)= 4.62, p < 0.05) and on non-
match trials compared to match trials (Non-Match: 94.8% ± 1.9; Match: 88.4% ± 
2.3, F(1,15)= 16.09; p < 0.05). Reaction time performance showed no significant 
differences between OL and NOL trials (OL: 1091.22 ms ± 138.61; NOL: 1058.30 
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ms ± 141.80, F(1,15)= 2.98; p = NS) and between match and non-match trials 
(Non-match: 1053.74 ms ± 36.7; Match: 1095.76 ms ± 34.9, F(1,15)= 3.06; p = 
NS). There were no significant interactions for both reaction time (F(1,15)=2.46, 
NS) and accuracy (F(1,15)=1.46, NS).  
 
2.3.2 fMRI data  
Encoding OL Representations 
Analysis during encoding of OL face pairs compared to NOL face pairs (OL 
Sample > NOL Sample) demonstrated significant activation in the left CA1 
(T=3.39; Z=2.88; p<0.03Corr) and right hippocampal CA1, CA3/DG, and 
subiculum (Fig. 2.2; T=3.89; Z=3.19; p<0.03Corr). We also contrasted NOL trials 
with OL trials (NOL, Sample > OL, Sample) during encoding at p<0.03 and the 
contrast yielded no significant clusters of activity.  
Maintaining OL Representations 
When subjects were required to maintain face pairs with overlapping features 
compared to those with non-overlapping features during the delay period (OL 
Delay > NOL Delay) there was significant activation in right entorhinal cortex (Fig. 
2.3; T=2.92; Z=2.56; p<0.03Corr), right perirhinal cortex (T=3.20; Z=2.75; 
p<0.03Corr), left parahippocampal cortex (T=4.01; Z=3.26; p<0.03Corr), right 
subiculum (T=3.91; Z=3.20; p<0.03Corr), and right CA1 (T=2.86; Z=2.52; 
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p<0.03Corr). A contrast of NOL trials with OL trials during the delay period  (NOL 
Delay > OL Delay) at p<0.03 showed no significant clusters of activity.  
 
2.4 Discussion 
In the current study, we used high-resolution fMRI to examine the contributions of 
hippocampal subfields and extrahippocampal MTL cortices in encoding and 
maintaining overlapping stimuli during working memory. We used photographs of 
faces as stimuli and defined overlapping faces pairs as two faces of the same 
identity, but different expression and non-overlapping face pairs as two faces of 
different identity and different expression. We found activation within the 
CA3/DG, CA1, and subiculum subfields while encoding overlapping face pairs 
compared to encoding non-overlapping face pairs. During the delay period, CA1 
and subiculum were recruited along with EC, PrC, and PHC to actively maintain 
the previously presented overlapping stimuli. Together, our results identify 
hippocampal subfield and specific MTL cortical mechanisms related to 
disambiguation during working memory. 
Our current results are consistent with computational models (Rolls, 1990; 
Shapiro & Hetherington, 1993; O'Reilly & McClelland, 1994; Rolls, 1996) and 
electrophysiological and gene expression data (Leutgeb et al., 2004; Guzowski, 
Knierim, & Moser, 2004; Gilbert et al., 2006; Leutgeb, Leutgeb, Moser, & Moser, 
2007; Satvat, Schmidt, Argraves, Marrone, & Markus, 2011) that implicate the 
DG and CA3 in minimizing interference between conflicting or overlapping input 
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patterns. Anatomically, these two regions are suited to help resolve interference 
between overlapping pairs through broadly divergent connections from EC to 
DG, sparse connections that link the DG to the CA3 (Amaral et al., 1990), and 
through extensive collateral connections within CA3 (Amaral & Witter, 1989). 
Rodents with DG lesions show deficits in WM discrimination of highly similar 
contexts (Gilbert et al., 2001; Gilbert and Kesner, 2003; Hunsaker and Kesner, 
2008). Similarly, high-resolution fMRI studies have shown increased BOLD 
activity within CA3/DG region during presentation of objects that were highly 
similar to previously seen objects (Bakker et al., 2008; Lacy et al., 2011). This 
previous work established a role for the DG and CA3 in disambiguation of 
overlapping episodic events (i.e., long-term memory). Our findings extend the 
role of the CA3/DG region in minimizing interference between overlapping input 
patterns to working memory.  
Encoding face pairs that share overlapping components may require 
pattern separation. Theoretical models have suggested that pattern separation 
allows similar stimuli to be represented with distinct neural patterns (Treves & 
Rolls, 1994; O'Reilly & Rudy, 2001; Norman & O'Reilly, 2003). According to 
these models, DG can perform pattern separation by enhancing differences 
between similar spatial or temporal inputs through orthogonalization of the neural 
representations. This idea is supported by findings from both animal (Rolls et al., 
2006; Leutgeb et al., 2007; McHugh, Jones, Quinn, Balthasar, Coppari, et al., 
2007) and human studies (Bakker et al., 2008). Although previous models do not 
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specifically articulate the role of the hippocampal subfields in pattern separation 
during WM, our results suggest that pattern separation may contribute to encode 
and separate overlapping, similar stimuli.  
While CA3/DG, subiculum and CA1 were engaged during encoding, the 
EC, together with the CA1 and subiculum, contributed when overlapping stimuli 
were maintained across a brief delay. A number of findings support the role of 
EC in maintaining information across a brief delay. For example, depolarizing 
current injections have produced persistent firing within the entorhinal cortex 
(Klink & Alonso, 1997a; Egorov et al., 2002) and slice recording studies 
(Tahvildari et al., 2007; Yoshida et al., 2008) along with functional neuroimaging 
investigations (Schon et al., 2004; Brickman, Stern, & Small, 2011) show EC 
activity during a brief delay period. Delay-period activity (OL > NOL) during WM 
may be related to long-term memory formation. Neuroimaging studies have 
shown a strong association between EC activity and delayed cue-recall 
performance (Fernandez, Brewer, Zhao, Glover, & Gabrieli, 1999) and long-term 
memory encoding (Ranganath et al., 2005; Schon et al., 2005; Nichols et al., 
2006), and between post-stimulus activity in the hippocampus and subsequent 
memory (Ben-Yakov & Dudai, 2011). Anatomical connections from the EC to the 
CA1 and subiculum (Witter & Amaral, 1991) may enable coordinated involvement 
in long-term memory to support the formation of long-term stable representations 
(Remondes & Schuman, 2004).  
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Our findings of hippocampal involvement during encoding and maintaining 
overlapping stimuli are in line with a large body of whole-brain fMRI studies 
showing hippocampal support in working memory for novel information (Stern et 
al., 2001; Ranganath et al., 2001; Schon et al., 2004; Hannula & Ranganath, 
2008) as well as complex information (Ranganath et al., 2005; Piekema, Kessels, 
Rijpkema, & Fernandez, 2009). Additionally, recent studies show that patients 
with hippocampal lesions have memory deficits when working memory capacity 
is exceeded (Jeneson et al., 2010) and during an extended working memory 
delay (Jeneson, Mauldin, Hopkins, & Squire, 2011). Our results add to this work 
by suggesting that stimulus similarity also recruits the hippocampus during the 
working memory delay. While our data fit nicely with this previous body of work, 
an alternative interpretation is that the hippocampal activity may be related to the 
presentation of two images of the same face. This alternative seems unlikely 
given that previous studies have demonstrated that repeated presentations of the 
same stimuli result in a reduction in activity in the hippocampus in both long-term 
encoding and working memory studies (Stern et al., 1996; Stern et al., 2001; 
Kirchoff, Wagner, Maril, & Stern, 2000; Brozinski, Yonelinas, Kroll, & Ranganath, 
2005; Ranganath and Blumenfeld, 2005).  
Several models theorize that EC and CA1 encode specific events by 
bridging temporal gaps between common or overlapping elements within these 
events (Howard, Fotedar, Datey, & Hasselmo, 2005; Jensen & Lisman, 2005). 
Recently, it has been shown that EC and CA1 contribute to process temporally 
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separated events (Suh, Rivest, Nakashiba, Tominaga, & Tonegawa, 2011). 
Additionally, recording studies in rodents have suggested that CA1 and 
subiculum work in a complementary manner to encode and maintain information 
during a working memory task (Deadwyler & Hampson, 2004). Our present work 
suggests that if a delay occurs following the presentation of stimuli with 
overlapping features, the EC together with CA1 and subiculum may play a critical 
role in encoding and maintaining a sustained representation of overlapping 
information across a temporal lag. Together with previous work, our results 
suggest a role for the subiculum, the CA1, and the EC in linking separated 
elements into long-term coherent representations. 
During the delay, the PrC and PHC were also recruited when subjects 
maintained overlapping stimuli compared to non-overlapping stimuli. Recording 
studies in both rodents and humans show sustained activity within the PrC and 
PHC during a short delay (Lehky & Tanaka, 2007; Axmacher, Mormann, 
Fernández, Cohen, Elger, et al., 2007) while both lesion and recording studies 
show a role for EC, PrC, and PHC during working memory tasks (Baylis & Rolls, 
1987; Otto & Eichenbaum, 1992; Suzuki, Zola-Morgan, Squire, & Amaral, 1993; 
Meunier, Bachevalier, Mishkin, & Murray, 1993; Meunier, Hadfield, Bachevalier, 
& Murray, 1996; Van Cauter, Poucet, & Save, 2008). In particular, evidence from 
both single-unit recording studies in monkeys (Miyashita & Chang, 1988; Naya, 
Yoshida, & Miyashita, 2001) and functional imaging studies in humans 
(Tendolkar, Arnold, Petersson, Weis, Anke Brockhaus-Dumke, et al., 2007; 
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Staresina & Davachi, 2008; Haskins, Yonelinas, Quamme, & Ranganath, 2008) 
suggests that the PrC may contribute to encode associations between related 
items. Furthermore, it has been suggested that the PrC contributes to maintain 
related items (Hannula et al., 2008). Our results are consistent with these 
findings and suggest that the PrC and PHC may also contribute to maintaining 
associations between face identity and expression during a working memory 
delay.  
 
2.5 Summary and Conclusions 
Our current study yielded two main findings. First, our finding that the encoding of 
overlapping face pairs recruited CA3/DG, CA1, and subiculum subfields provides 
evidence that regions involved in minimizing interference during episodic 
encoding also play a role during working memory when overlapping stimuli need 
to be disambiguated. In addition, CA1 and subiculum along with 
extrahippocampal cortices including EC showed greater activation for 
overlapping than for non-overlapping stimuli while maintaining these overlapping 
representations during a brief delay, a finding consistent with the roles of these 
regions in forming long-term representations and processing temporally 
separated events.  
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2.6 Chapter 2 figures 
 
 
 
 
 
 
Figure 2.1 
Subjects performed a delayed matching-to-sample (DMS) task showing 
overlapping (OL) and non-overlapping (NOL) facial identities. A trial consisted of 
three components: a 2-s face presentation, another 2-s face presentation 
(Sample), followed by an 8-s Delay period (Maintenance), followed by a final 2-s 
face presentation (Test)> Trials were separated by a variable 8, 10, or 12-s 
intertribal interval (ITI). During OL trials, subject were presented with sample faces 
from the same actor, but with different expressions. During NOL trials, subjects 
were presented with sample faces from two different identities with different 
expressions. In order for a trial to be a match, both the identity and emotional 
expression of the test face had to match one of the two sample faces. Non-match 
trials contained test stimuli that were the same identity as one of the two sample 
faces, but with a different expression.  
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Figure 2.2 
fMRI activation in the hippocampus related to processing OL stimuli (OL Sample > 
NOL Sample). The above pictures illustrate the statistical parametric map for 
group-level activity in the left and right hippocampal subfields superimposed onto 
the structural image of the subject model (atlas), along with the corrected signal 
intensities for overlapping (blue) and non-overlapping (yellow). The model 
segmentation of the hippocampal subfields is displayed (Segmented image, 
center) to indicate the corresponding location of the subiculum (red), CA1 (green), 
and CA3/DG (blue). Within the left hippocampal cluster, activity was localized to 
CA1 (20 voxels). Within the right hippocampal cluster, activity was localized to 
CA3/DG (24 voxels), CA1 (7 voxels), andsubiculum (5 voxels). Note that numbers 
correspond to y-coordinates, i.e., the distance of each slice from the anterior 
commissure in mm (AC, y = 0 mm in Talairach coordinates; i.e. regions posterior 
to the AC have negative y values) and are indicated for each slice. Note that the 
coordinates describe a subject-specific space, and are not in MNI or Talairach 
space. 
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Figure 2.3 
fMRI activation in the hippocampus and MTL cortex related to maintaining OL 
representations during the delay period (OL Delay > NOL Delay). The above 
pictures illustrate the statistical parametric map showing group-level activity in the 
MTL superimposed onto the structural image of the subject model, along with the 
corrected-signal intensities for overlapping (blue) and non-overlapping (yellow). 
The model segmentation of the MTL cortex and hippocampal subfields 
(Segmented Image, center) is displayed to indicate the corresponding location of 
the subiculum (red), CA1 (green), CA3/DG (blue), parahippocampal cortex (dark 
green), entorhinal cortex (maroon), perirhinal cortex (light blue) and amygdala 
(pink). From top to bottom, activity was localized to the right EC (29 voxels), left 
PHC (26 voxels), right CA1 (20 voxels), right PrC (23 voxels), and right subiculum 
(21 voxels). Note that numbers correspond to y-coordinates, i.e., the distance of 
each slice from the anterior commissure in mm (AC, y = 0 mm in Talairach 
coordinates; i.e. regions posterior to the AC have negative y values) and are 
indicated for each slice. Note that the coordinates describe a subject-specific 
space, and are not in MNI or Talairach space. 
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CHAPTER 3: Entorhinal and Perirhinal Cortex as a Buffer for Working 
Memory – A Load Effect during the Delay Period 
 
 
 
 
 
 
 
 
 
 
 
42 
	  
	  
3.1 Introduction 
Theoretical models have proposed that the entorhinal cortex (EC) supports the 
active maintenance of multiple items during the working memory (WM) delay 
(Jensen & Lisman, 2005; Koene & Hasselmo, 2007). Evidence from unit 
recordings in monkeys and rats have shown increased EC neuronal firing during 
the delay period of delayed (non-) match-to-sample (DMS) tasks (Young et al., 
1997; Suzuki et al., 1997). Following depolarization, persistent firing in the 
absence of stimulus input, has been observed within the EC (Klink & Alonso, 
1997a; Fransén, Alonso, Dickson, Magistretti, & Hasselmo, 2004; Tahvildari et 
al., 2007; Yoshida et al., 2008), the perirhinal cortex (PrC) (Navaroli et al., 2012), 
the CA3 subfield (Jochems et al., 2013), and CA1 subfield (Knauer et al., 2013). 
Functional neuroimaging studies have reported delay period activity in EC, 
perirhinal cortex (PrC), and hippocampus during WM tasks (Pessoa et al., 2002; 
Schon et al., 2004; Nichols et al., 2006; Schon, Ross, Hasselmo, & Stern, 2013; 
Newmark, Schon, Ross, & Stern, 2013). This delay-period activity can support 
long term encoding (Schon et al., 2004; Ranganath et al., 2005; Nichols et al., 
2006). In addition, recently, we have identified delay-period activity in CA1 and 
EC when multiple stimuli with overlapping features were maintained during a 
brief WM delay (Newmark et al., 2013). Together, this work suggests that CA1 
along with EC, PrC, and PHC may act as a WM buffer. This temporary storage 
system may play a key role in long-term memory formation, as we have 
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previously shown in a subsequent memory study (Schon et al., 2004). We predict 
that such a system would show a load-dependent effect during a WM delay. 
Computational models have suggested that a WM buffer may be required 
to actively maintain increased loads of new information over a short period of 
time (Jensen & Lisman, 2005; Koene & Hasselmo, 2007). However, WM load-
modulated delay-period activity in the MTL, specifically in the hippocampus, has 
not consistently been observed in whole-brain fMRI studies (Zarahn, Rakitin, 
Abela, Flynn, & Stern, 2005; Axmacher et al., 2007; Schon, Quiroz, Hasselmo, & 
Stern, 2009; Kochan, Valenzuela, Slavin, McCraw, Sachdev, et al., 2011). 
Recent investigations in patients with MTL damage have suggested the 
hippocampus in particular should only be recruited when WM capacity is 
exceeded (Jeneson et al., 2010; Jeneson et al., 2012). These results remain 
inconclusive, however, because patient studies cannot distinguish between 
transient contributions to encoding and sustained contributions during the WM 
delay. Our current study used high-resolution fMRI and addressed this limitation. 
Here, we extended our previous work (Schon et al., 2009) and 
differentiated the functional contributions of hippocampal subfields and 
parahippocampal regions to WM maintenance at high and low loads by using 
high-resolution fMRI and cross-participant alignment methods optimized for small 
ROIs (Stark et al., 2003; Miller et al., 2005; Yassa et al., 2009). We predicted that 
EC and PrC would show increased activity with higher WM loads during task 
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delay. We also investigated CA1 activity during encoding and delay. We 
hypothesized that if CA1 shows increased transient activity during the encoding 
phase only, this, together with previous work (Schon et al., 2004) would most 
likely suggest the recruitment of long-term encoding processes during WM. 
Alternatively, if CA1 activity is modulated by WM load during the delay, this would 
suggest a role for CA1 in active maintenance, a WM process.  
 
3.2 Materials and methods 
3.2.1 Participants 
We recruited 18 participants (mean age: 20.0 ± 2.0 years, 10 female) from the 
Boston University community and surrounding area. Participants gave informed 
written consent and the study was approved by both the Partners Human 
Research Committee and the Boston University Charles River Campus 
Institutional Review Board. All subjects had normal or corrected vision, and all 
reported no history of neurologic or psychiatric disorders and had no counter-
indicators for MR imaging. Three participants were excluded from analyses due 
to excessive motion and technical difficulties during scanning.  
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3.2.2 Task Procedure 
Stimuli consisted of 360 color photographs of unfamiliar trial-unique visual 
outdoor scenes. Stimuli, task design and procedures were identical to those used 
previously in our whole-brain fMRI study (Schon et al., 2009). During fMRI 
scanning, subjects performed a Sternberg task (Sternberg, 1966) in which two or 
four scenes (load 2, load 4) were sequentially shown (sample; average duration 
per scene: 1600 ms followed by a blank screen, average duration: 400 ms; see 
(Schon et al., 2009), followed by a variable-length delay period (maintenance; 4, 
6, or 8 s), followed by a probe scene (test; 2 s) and a variable inter-trial interval 
(8, 10, or 12 s; Fig 3.1). At test, participants indicated with a button press whether 
the probe was the same as or did not match one of the sample scenes (50% 
match, 50% non-match trials). The probe scenes were equally likely to have 
been shown during the sample period in any temporal position (shown 1st or 2nd 
for load 2 trials and shown 1st, 2nd, 3rd or 4th for load 4 trials). All scenes were 
trial-unique, unless they were seen a second time at test (match). Variable-length 
delay-periods and inter-trial intervals were chosen to introduce differential 
overlap between subsequent sample, delay and test periods to reduce 
collinearity. This approach was used in previous studies (Sakai & Passingham, 
2003; Cairo, Liddle, Woodward, & Ngan, 2004; Ranganath et al., 2005; Piekema, 
Kessels, Mars, Petersson, & Fernández, 2006; Schon et al., 2009). Subjects 
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performed a total of 144 trials across 8 runs, with 9 load 2 trials and 9 load 4 
trials per run.  
 
3.2.3 fMRI Data Acquisition 
Structural and functional imaging data were acquired on a 3.0 Tesla Siemens 
MAGNETOM TrioTM Tim® System scanner (Siemens AG, Medical Solutions, 
Erlangen, Germany) using a 12-channel Tim® Matrix head coil at the Athinoula A. 
Martinos Center for Biomedical Imaging, Massachusetts General Hospital, 
Charlestown, MA. Structural scans consisted of two high-resolution T1-weighted 
magnetization prepared gradient echo (MP-RAGE) scans obtained using 
generalized autocalibrating partially parallel acquisitions (GRAPPA; Griswold, 
Jakob, Heidermann, Nittka, Jellus et al., 2002) (TR = 2.530 s, TE = 3.44 ms, flip 
angle = 7º, number of slices = 176, field of view = 256 mm, resolution = 1 x 1 x 1 
mm3). Functional data were acquired using 8 runs of T2* - sensitive gradient 
echo, echo planar imaging (EPI) blood-oxygen level-dependent (BOLD) scans 
with 216 images per run during which subjects performed the task (TR = 2 s, TE 
= 32-34 ms, flip angle = 90°, 22 interleaved slices, field of view (FoV) = 96 mm, 
matrix size = 64 x 64, resolution = 1.5 x 1.5 x 1.5 mm3, no interslice skip). A 
single T1-EPI scan was also obtained for each subject (TR = 18.280 s; TE = 52 
ms; flip angle = 90º, field of view = 192 mm; matrix size = 128 x 128 mm2; in-
plane resolution = 1.5 mm2, slice thickness = 1.5 mm; interslice skip = 0.3 mm; 
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90 interleaved slices) using the GRAPPA method. The EPI image slices were 
oriented approximately parallel to the long axis of the hippocampus, allowing 
inclusion of the hippocampal subfields (CA3/DG, CA1, subiculum), including the 
hippocampal tail, and the MTL subregions (EC, PrC, PHC, amygdala) in the axial 
plane.  
 
3.2.4 Data Preprocessing 
Structural and functional data were preprocessed with SPM8 software (Wellcome 
Department of Cognitive Neurology, London, UK) and MATLAB (MathWorks, 
Natick, MA) routines. The images were reoriented such that the origin was 8mm 
ventral to the anterior commissure. Preprocessing of BOLD data included 
correcting differences in slice timing, re-aligning to the first image collected within 
a series (motion correction), and unwarping to correct for image distortions due 
to susceptibility by movement interactions. The MP-RAGE structural and BOLD 
scans were coregistered to the T1-EPI. These pre-processing steps were then 
followed by cross-participant alignment of anatomical and BOLD images. 
 
3.2.5 Cross-Participant Alignment 
ROI-based regional cross-participant alignment (ROI-AL) procedures were used 
to optimize regional alignment of the hippocampal subfields and MTL cortices 
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across all participants. This procedure allowed precise localization within these 
anatomically defined ROIs (Stark et al., 2003; Miller et al., 2005; Yassa et al., 
2009). We used the same ROI-AL procedure and manual tracing protocol as in 
our previous work (Newmark et al., 2013). Hippocampal subfields (CA3/DG, 
CA1, subiculum) and extrahippocampal MTL regions (EC, PrC, PHC, amygdala) 
were first manually delineated on each subject’s anatomical MP-RAGE scan 
using techniques adapted for the visualization of these structures (Insausti et al., 
1998; Pruessner et al., 2000; Zeineh et al., 2000; Pruessner et al., 2002).  
Hippocampal boundaries included the fimbria, the inferior horn of the 
lateral ventricle, the uncus, and the quadrigeminal cistern. The subfields of the 
hippocampus were defined bilaterally using previously published methods 
(Kirwan & Stark, 2007; Kirwan et al., 2007) and the Duvernoy atlas (Duvernoy et 
al., 2005). The CA3 and dentate gyrus were combined to create the CA3/DG 
subfield, as the anatomical border could not be anatomically distinguished. Eight 
coronal slices identical or very similar to those depicted and described in the 
Duvernoy atlas were selected on each participant’s average anatomical MR 
image for manual segmentation. Segmentation continued in 1-mm steps in both 
anterior and posterior direction from each of the 8 initial slices so that a smooth 
transition was created between slices. Landmarks for the delineation of the PrC, 
EC, and PHC included the gyrus of Schwalbe, the collateral sulcus, and the 
splenium of the corpus collosum.  
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3.2.6 Statistical Data Analysis 
Our statistical analysis was identical to that of our previous whole-brain study 
using this task (Schon et al., 2009). Pair-wise t-tests were used to compare 
behavioral performance (% correct, reaction time for correct trials) between WM 
loads (load 2, load 4) and trial type (match, non-match). Also, repeated-
measures ANOVAs were used to assess interactions between WM load and trial-
type. For analysis of BOLD activity within the MTL, 16 regressors were created 
and convolved with the canonical hemodynamic response function for each 
combination of load (Load 2, Load 4), event (encoding, maintenance, retrieval, 
ITI/fixation) and accuracy (correct, incorrect). Additionally, the 6 movement 
parameters from the motion correction step were added as covariates to account 
for residual movement-related spurious activity. WM load effects were assessed 
by comparing load 4 versus load 2 for each phase of the task (encoding, 
maintenance, and retrieval) for correct trials only. Second level analysis involved 
creating group-averaged SPMs by entering the contrast images into 1-sample t-
tests using subjects as a random factor. To correct for multiple comparisons, a 
cluster extent threshold of 20 contiguous voxels for a corrected threshold (p < 
0.05) was determined using the AlphaSim algorithm (Forman, Cohen, Fitzgerald, 
Eddy, Mintun, et al., 1995) by running 10,000 Monte Carlo simulations  at an 
uncorrected voxel-wise P-value of p < 0.01. Parameter estimates were extracted 
from peaks of regional activity using the Volumes toolbox extension for SPM5 
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(http://sourceforge.net/projects/spmtools). For visualization of parameter 
estimates, we averaged the extracted beta values across participants.  
3.3 Results 
3.3.1 Behavioral data 
There was no difference in performance on lower load trials compared to higher 
load trials (Mean ± Standard Error, Load 2 trials: 92.26 ± 2.21% Load 4 trials: 
91.04 ± 2.18%; t(14) = 1.07, p = 0.3) although reaction time analysis showed that 
participants answered faster to lower load trials than to higher load trials (Load 2 
trials: 953.23 ± 34.0 msec; Load 4 trials: 1004.9 ± 30.6 msec; t(14) = -2.44, p = 
0.028). Participants performed better on non-match trials compared to match 
trials (Mean ± Standard Error, Non-Match trials: 94.78 ± 2.07%, Match trials: 
88.52 ± 2.34%; t(14) = 3.57, p < 0.01) but there was no significant reaction time 
difference between non-match trials compared to match trials (Mean ± Standard 
Error, Non-Match trials: 958.7 ± 32.6 msec Match trials: 999.5 ± 32.4 msec; t(14) 
= -6.79, p = 0.08). Additionally, there were no significant interactions between 
low/high load and match/non-match for reaction time and accuracy (reaction 
time: F(14) = 0.002, p = 0.966; accuracy: F(14) = 1.13, p = 0.31).  
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3.3.2 fMRI Results 
Load effect during encoding  
When correct load 4 trials were contrasted with correct load 2 trials during the 
encoding phase (Fig 2: Load 4 > Load 2, sample), the group analysis showed 
significant activity within left CA1 (two peaks: T=6.44, Z=4.40; T=4.55, Z=3.55, 
p≤0.01corr), and right subiculum (T=4.87, Z=3.71, p≤0.01corr). Additional areas 
activated for this contrast included left amygdala (T=4.16; Z=3.34, p≤0.01corr), 
and right amygdala (T=4.84, Z=3.70, p≤0.01corr). To illustrate the direction of the 
load effect in these regions during encoding, we extracted parameter estimates 
(beta weights) from the peaks of these activation clusters. These are illustrated in 
Fig. 3.2. 
Load effect during maintenance 
When correct load 4 trials were contrasted with correct load 2 trials during the 
maintenance phase (delay period) (Fig 3: Load 4 > Load 2, delay), the group 
analysis showed significant activity within the right PHC (3 peaks: T=5.45, 
Z=3.99; T=4.61, Z=3.58; T=4.36, Z=3.45; p≤0.01corr) and within a region 
composed of both the left PrC and EC (Z=4.12, Z=3.32, p≤0.01corr). Activity in 
these areas was greater for load 4 than for load 2. To illustrate the direction of 
the load effect in these regions during the WM delay, we extracted parameter 
estimates (beta weights) from the peaks of these activation clusters. These are 
illustrated in Fig. 3.3.  
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WM Load during retrieval 
In our previous fMRI investigation that assessed WM load effects across the 
whole brain using the same task, but different subjects, we observed a load 
effect (Load 4 > Load 2) in a left anterior hippocampal region during retrieval 
(Schon et al., 2009). Greater activity during retrieval of the larger WM load (load 
4) compared to retrieval of the smaller WM load (load 2) in that region was driven 
by nonmatch trials. Here, we explored if we could replicate this result and extend 
it to the subfield level. 
WM Load effect across match and non-match trials during retrieval  
Across match and non-match trials, the load effect contrast at test (Load 4 > 
Load 2 retrieval) showed no significant areas of activity within the MTL. However, 
a load effect contrast for non-matching scenes at test (Load 4 > Load 2, non-
match, retrieval) showed significant activity within the right PHC (2 peaks: 
T=11.13, Z=5.58; T=5.12, Z=3.78; p ≤0.01corr), the left PHC (3 peaks: T=7.41, 
Z=4.65; T=5.70, Z=4.03; T=5.33, Z=3.87; p≤0.01corr) and right CA1, CA3/DG 
(T=4.09, Z=3.26). A contrast of match trials (Load 4 Match > Load 2 Match, 
p≤0.01corr) showed no significant activity within the MTL.  
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3.4 Discussion 
We examined activity within hippocampal subfields (CA3/DG, CA1, subiculum) 
and neighboring medial temporal areas (PrC, EC, PHC) while participants 
encoded, maintained, and retrieved information at two different WM loads. As 
predicted, encoding a greater WM load recruited CA1.  We found that this WM 
load effect was transient and did not sustain into the delay period. While 
maintaining a greater WM load, medial temporal regions including the EC, PrC, 
and PHC, showed increased activity with greater WM load, consistent with our 
predictions. A load effect during the WM task delay has previously been 
associated with a limited-capacity WM buffer and has been attributed to 
prefrontal and posterior association regions (Braver, Cohen, Nystrom, Jonides, 
Smith, et al., 1997; Rypma, Prabhakaran, Desmond, Glover, & Gabrieli, 1999; 
Jha & McCarthy, 2000; Druzgal & D'Esposito, 2003), but see (Yi & Leung, 2011). 
Here, consistent with predictions from computational modeling work (Lisman & 
Idiart, 1995; Jensen & Lisman, 1996; 1998; 2005; Koene & Hasselmo, 2007), we 
show that parahippocampal areas, especially the EC, together with the PrC, are 
involved in active maintenance during WM in a load-dependent manner. 
Additionally, single unit recording studies have shown persistent neuronal firing in 
the EC indicating an important WM mechanism (Fransén et al., 2002; Hasselmo 
& Stern, 2006). Our results, together with previous work (Schon et al., 2004), 
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suggest that the EC may serve as a WM buffer in support of long-term memory 
encoding. 
Our findings extend other studies that use complementary techniques for 
investigating the neural correlates of WM. Findings from cellular recording 
studies in animals show persistent firing within the EC may underlie active 
maintenance across a brief delay period (Young et al., 1997; Egorov et al., 2002; 
Fransén et al., 2004; Yoshida et al., 2008). Additionally, using intracranial EEG, 
Axmacher and colleagues (2007) detected increased activity within the rhinal 
cortex during the maintenance of multiple items in subjects performing a 
Sternberg WM task. Complementary to our results, previous fMRI investigations 
have shown that sustained EC and PrC  (Schon et al., 2004) and PHC activity 
(Axmacher et al., 2008) during the WM delay is associated with subsequent long-
term memory performance. Based on this literature we propose a role for the EC, 
PrC, and PHC in both WM maintenance and long-term memory encoding and 
suggest that these regions may serve as a WM buffer facilitating the transition of 
information from WM into long-term memory.  
Previous findings from intracranial EEG recordings (Mainy et al. 2007) and 
an fMRI investigation (Mainy, Kahane, Minotti, Hoffmann, Bertrand, et al., 2007) 
and an fMRI investigation (Kochan et al., 2011) have indicated that the 
hippocampus is recruited for encoding greater WM loads. We extend these 
findings to the subfield level by demonstrating a load-dependent activation in 
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CA1 and subiculum, suggesting a transient recruitment of these regions for WM 
encoding. The EC-CA1 pathway may play a role in episodic encoding when 
binding is required over brief temporal lags (for review, see Langston, Stevenson, 
Wilson, Saunders, & Wood, 2010). CA1 may have contributed to intra-item 
content binding when complex visual scenes were presented sequentially. A 
recent study using high-resolution fMRI has similarly documented a linear 
increase in CA1 activity associated with novel features within an environment 
(Duncan et al., 2011), suggestive of a stimulus encoding and binding signal. Our 
work is consistent with a role of CA1 in encoding and feature binding and 
suggests that encoding a higher number of novel scenes may place a greater 
demand on encoding compared to a lower load of items. 
The results presented here suggest the EC and PrC, but not CA1, 
contribute to the active maintenance of higher WM loads. Previous fMRI studies 
have reported an absence of hippocampal activity while maintaining greater WM 
loads (Axmacher et al., 2007; Schon et al., 2009; Kochan et al., 2011). It is 
unclear whether the absence of a hippocampal load effect represents a true 
finding, because null results in fMRI studies could be due to poor model fit or use 
of spatial normalization techniques that align BOLD images to a standard 
template space without taking into account inter-individual anatomical variations 
in small areas of interest, such as the hippocampus. In contrast to these studies, 
there is experimental evidence from intracranial EEG (van Vugt, Schulze-
Bonhage, Litt, Brandt, & Kahana, 2010) and fMRI studies (Meltzer & Constable, 
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2005; Rissman, Gazzaley, & D'Esposito, 2008) in support of such a role for the 
hippocampus. Recent work in human patients with hippocampal lesions has 
suggested that the hippocampus is recruited only when WM capacity is 
exceeded and long-term memory resources are required (Jeneson et al., 2010; 
Jeneson et al., 2012). Our results showing that the hippocampus was recruited in 
a load-dependent manner for encoding, but showed no sustained activity during 
the delay, are consistent with this interpretation. It should be noted that the 
stimuli used in our current paradigm were unfamiliar outdoor scenes that likely 
did not require demand on disambiguation as in our previous work (Newmark et 
al., 2013) where we observed delay period activity in hippocampal subfields. It 
may therefore be possible that while the PrC and EC are recruited to maintain a 
greater WM load, delay period activity in CA1 and/or other hippocampal subfields 
may be modulated by WM load only if stimuli have overlapping features or are 
highly similar. 
Additionally, our results show that when non-match lures were identified at 
higher WM loads (load 4 > load 2, non-match retrieval), CA1, CA3/DG, and PHC 
showed increased activity. This result is consistent with our previous whole-brain 
fMRI study (Schon et al., 2009) that showed activity in a left anterior MTL area for 
this contrast. The results presented here extend these previous findings to the 
subfield level. Because the observed WM load effect at retrieval was specific to 
non-match trials, our results are also consistent with the purported role of the 
hippocampus in mismatch detection (Kumaran & Maguire, 2007; Duncan et al., 
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2011) and suggest that successful lure rejection at higher loads may require 
scanning and comparing a presented item with multiple items represented within 
an episodic WM buffer. Please see Schon et al. (2009) for a detailed discussion. 
 
3.5 Conclusions 
Consistent with computational models, we demonstrate that 1) CA1 supports 
encoding higher item loads during WM, and that 2) EC and PrC support the 
maintenance of higher cognitive loads across a brief temporal delay. This WM 
load effect in EC and PrC implicates these regions in active maintenance, a WM 
process previously attributed to prefrontal and posterior association cortices. 
These results suggest a role for the EC/PrC as a buffer for WM, because these 
regions actively maintain novel information during a brief temporal delay in a 
capacity-dependent manner. 
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3.6 Chapter 3 figures 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 
Working Memory Task. During scanning, subjects performed a Sternberg task 
consisting of 72 trials per condition (Load 4, Load 2) in each of 8 runs. Subjects viewed 
either 2 or 4 sequentially presented images of outdoor scenes (Encoding phase), 
maintained the scenes across a 4-8 s variable-length delay period (Maintenance 
phase), and determined whether a probe scene matched one of the previous images 
seen during that trial or was a non-match (Test phase). Each trial ended with a 
variable-length fixation/ITI. 
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Figure 3.2 
CA1 and subiculum show functional contribution while encoding a greater working 
memory load (Load 4 > Load 2; encoding). The above images show thresholded 
statistical parametric maps for group-level activity superimposed on the 
representative structural template image (left), the corresponding segmented 
image (middle), and graphs showing parameter estimates (beta weights) for load 2 
(blue) and load 4 (red). The model segmentation is displayed to indicate the 
location of CA1 (light green), the subiculum (red), EC (light blue), PrC (violet) and 
PHC (dark green). Note that numbers correspond to y-coordinates, i.e., the 
distance of each slice from the anterior commisure in mm (AC, y=0 mm in 
Talairach coordinates; i.e. regions posterior to the AC have negative y-values) and 
are indicated for each slice. Note that the coordinates describe a subject-specific 
space, and are not in MNI or Talairach space. 
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Figure 3.3 
The entorhinal, perirhinal, and parahippocampal cortices show functional 
contribution while maintaining a greater working memory load (Load 4 > Load 2; 
maintenance). The above picture shows statistical parametric maps for group-level 
activity superimposed on the representative structural template image, the 
corresponding segmented image, and graphs showing parameter estimates (beta 
weights) for load 2 (blue) and load 4 (red). The model segmentation is displayed to 
indicate the location of CA1 (light green), the subiculum (red), EC (light blue), PrC 
(violet) and PHC (dark green). Note that numbers correspond to y-coordinates, i.e., 
the distance of each slice from the anterior commissure in mm (AC, y=0 mm in 
Talairach coordinates; i.e. regions posterior to the AC have negative y-values) and 
are indicated for each slice. Note that the coordinates describe a subject-specific 
space, and are not in MNI or Talairach Space. 
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CHAPTER 4: Contributions of CA1 and Medial Temporal Lobe Cortices to 
Working Memory of Similar and Dissimilar Representations 
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4.1 Introduction 
Several theoretical models have suggested that MTL regions modulate working 
memory (WM) load for distinct, novel stimuli (Lisman & Idiart, 1995; Jensen & 
Lisman, 1996; 2005; Koene & Hasselmo, 2007; Rissman et al., 2008). When WM 
capacity demands are increased, patients with hippocampal lesions are impaired 
at multi-item WM load tasks (Aggleton, Sanderson, & Pearce, 2007; Axmacher et 
al., 2007; Jeneson et al., 2011). Furthermore, several functional neuroimaging 
studies have reported increased hippocampal recruitment during the delay 
periods involving high WM loads (Meltzer et al., 2005; Axmacher et al., 2007; 
Rissman et al., 2008; van Vugt et al., 2010)  although other imaging studies show 
no hippocampal recruitment (Schon et al., 2009).  
It has been suggested that hippocampal activity during the WM delay may 
not necessarily reflect a WM contribution to maintain varying memory loads, but 
rather the enhancement of long-term memory processes when memory load has 
been increased (Jeneson et al., 2012). In support, findings show that patients 
with hippocampal lesions showed no marked impairment in tasks in which a 
distraction during maintenance decreased control performance to the level of 
patients (Shrager et al., 2008) and that patients and control subjects showed 
similar deficits in actively maintaining increased sets of object-location 
associations (Jeneson et al., 2010) together indicating that patients with 
hippocampal lesions could successfully maintain information in WM.  
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Recent findings suggest that the perceptual nature of the representations 
that are maintained may influence the recruitment of the hippocampus. In 
particular, emerging evidence from electrophysiological and lesion studies (Frank 
et al., 2000; Agster et al., 2002; Lee et al., 2006; Ginther et al., 2011) and human 
neuroimaging studies (Bakker et al., 2008; Lacy et al., 2011) shows that 
hippocampal subfields CA3/DG and CA1 play a key role in pattern separation, a 
process critical for minimizing interference from similar representations. Using 
high-resolution fMRI we have recently demonstrated that CA3/DG and CA1 
support disambiguation of overlapping stimuli during the sample phase of a 
working memory task, and that CA1 and subiculum together with 
parahippocampal areas, but not CA3/DG are recruited to maintain disambiguated 
representations during the working memory task delay (Newmark et al., 2013). 
However, this study did not systematically vary the WM load. We predict that 
CA1 may be modulated by WM load in which stimuli with high perceptual 
similarity are maintained during a delay, suggesting a role of hippocampal 
recruitment at the interface between WM and long-term memory. In addition, we 
predict that CA3/DG activity should be modulated by stimulus similarity during 
encoding, but not maintenance, consistent with its role in disambiguation and 
pattern separation.  
The present study used high-resolution fMRI to elucidate the role of the 
hippocampal subfields (CA3/DG, CA1, subiculum) and MTL cortices (amygdala, 
perirhinal, entorhinal, parahippocampal cortex) during WM using similar and 
64 
	  
	  
dissimilar stimuli. During a delayed matching-to-sample (DMS) task, subjects 
encoded and maintained either two or four sequentially presented face stimuli 
that were morphed to share 30% of features (similar) or shared no defining 
features (dissimilar). A 2 x 2 factorial ANOVA was implemented incorporating two 
factors of WM load and stimulus feature overlap. We predict that the similarity of 
stimuli is critical to CA1 involvement during the delay period involving maintaining 
higher WM loads.  
 
4.2 Materials & Methods 
4.2.1 Participants 
Twenty-one healthy individuals from the Boston University community (7 female, 
14 male, ages 18-33 years) participated in the experiment after giving informed 
consent in accordance with the Partners Human Research Committee of the 
Massachusetts General Hospital and the Charles River Campus Institutional 
Review Board of Boston University. Participants reported no history of neurologic 
or psychiatric disorders and had normal or corrected-to-normal vision. Data from 
2 subjects were eliminated because of excessive motion and an MRI artifact. 
Analysis of the data was performed on the remaining 19 subjects (7 female, 12 
male, mean age ± SD = 23.0 ± 4.2 years).  
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4.2.2 Stimuli of working memory task 
The stimulus set consisted of gray scale images of 512 different faces (256 male, 
256 female) selected from the FERET Database (Phillips, Weschler, Huang, & 
Rauss, 1998; Phillips, Moon, Rizvi, & Rauss, 2000). All stimuli were faces with 
neutral expressions without distinguishing features such as beards and glasses. 
A computerized morphing program implementing a mesh warping algorithm 
(Abrosoft Fantamorph 3.0, http://fantamorph.com) was used to generate faces 
with shared characteristics. We merged a unique face (stimulus face) with 
another face (template face; same sex, same age +/- 5 years) resulting in a blend 
of the two faces: 70% stimulus face and 30% of the template face. Another 
unique face was morphed to the same template face to generate a set of 2 
similar faces that share 30% of features (Fig 4.1). Similarly, to create a set of 4 
similar faces, 4 unique identities were morphed to the template face, resulting in 
a set of 4 blended, similar faces. Importantly, each similar stimulus set featured a 
unique template face. The similar faces were subjectively chosen to be similar in 
terms of skin color, age, and the shape of the lips, nose, and mouth. A total of 
112 female and 112 male similar faces were generated in this fashion. Dissimilar 
faces consisted of unique faces that were not morphed to a template face. The 
images were cropped to 350 x 478 pixels at 28.35 pixels/cm resolution (12.35 cm 
x 16.47 cm) and color mode was set to grayscale. The images were then 
cropped to remove peripheral features (e.g. hair, clothes), and distinguishing 
marks, such as moles, were removed.  
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4.2.3 Working memory task 
Participants completed a delayed match-to-sample (DMS) task while undergoing 
fMRI scanning (Fig. 4.1). For each trial, two or four faces were presented 
sequentially for 2 seconds each during the sample period (encoding), followed by 
a 10-s delay period (maintenance), followed by a probe face for 2 s (retrieval), 
and a variable length (8, 10, or 12 s) inter-trial interval. Participants were 
instructed to maintain the sample faces over the delay and determine if the probe 
face was the same (match: 50% of trials) or different (non-match: 50% of trials) 
than one of the two or four sample faces seen previously during the same trial. 
The total number of trials was 128, consisting of 32 trials of each of the four 
conditions that varied in WM load (Load 2, Load 4) and stimulus similarity 
(similar, dissimilar) and were counterbalanced along the dimension of condition 
across participants. A two by two repeated measures factorial design was used 
to investigate the main effects of similarity (similar, dissimilar), WM load (load 2, 
load 4), and their interaction. Significant interactions between similarity and WM 
load were further explored with beta-weight extraction (see below) to confirm our 
predictions.  
 
67 
	  
	  
4.2.4 fMRI Data Acquisition 
Structural and functional data were acquired as described previously (Newmark 
et al., 2013). Briefly, structural scans consisted of two high-resolution T1-
weighted magnetization prepared rapid acquisition gradient echo (MP-RAGE) 
and were acquired using generalized autocalibrating partially parallel acquisitions 
(GRAPPA) (TR = 2.530 s, TE = 3.44-3.48 ms, flip angle = 7º, number of slices = 
176, field of view = 256 mm, resolution = 1 x 1 x 1 mm3). A total of 960 functional 
volumes were acquired for each participant using T2*-sensitive gradient echo 
echo-planar imaging (EPI) blood-oxygen-level-dependent (BOLD) scans (TR = 2 
s, TE = 34 ms, flip angle = 90º, 22 interleaved slices, field of view (FoV) = 96 
mm, matrix size = 64 x 64, resolution = 1.5 x 1.5 x 1.5 mm3, no interslice skip). 
The EPI image volumes were acquired using slices that were oriented parallel to 
the long-axis of the hippocampus to include all hippocampal subfields (CA3/DG, 
CA1, subiculum), extrahippocampal subregions (entorhinal, perirhinal, 
parahippocampal cortices), and amygdala. We obtained a single T1-EPI scan for 
each subject (TR = 18.280 s; TE = 52 ms; flip angle = 90º, field of view = 192 
mm; matrix size = 128 x 128 mm2; in-plane resolution = 1.5 mm2, slice thickness 
= 1.5 mm interslice skip = 0.3 mm; 90 interleaved slices) using the GRAPPA 
method. Data were preprocessed and analyzed using SPM8 (Wellcome 
Department of Cognitive Neurology, London, UK) and MATLAB (MathWorks, 
MA) routines. The EPI images were corrected for differences in slice timing, 
realigned to the first image collected within a series, and unwarped to correct for 
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image distortions due to susceptibility-by-movement interactions. Additionally, 
high frequency motion and global effect artifacts were measured using Artifact 
detection toolbox (http://nitrc.org/projects/artifact_detect). The two MP-RAGE 
scans obtained for each subject were averaged. 
 
4.2.5 Region-of-interest cross-participant alignment 
Optimal cross-participant alignment was achieved using Region-Of-Interest-
Advanced Normalization Tools (ROI-ANTs) (Avants, Duda, Kim, Zhang, Pluta, et 
al., 2008; Yassa, Stark, Bakker, Albert, Gallagher, et al., 2010). This method 
uses the diffeomorphic image registration procedure SyN (symmetric 
normalization (Klein, Andersson, Ardekani, Ashburner, Avants, et al., 2009) for 
cross-participant alignment into subject space and allows for precise localization 
of group-level activity within hippocampal subfields and medial temporal cortices. 
We have successfully used ROI-based cross-participant alignment methods in 
previous high-resolution fMRI studies (Newmark et al., 2013).  
Regions-of-interest were manually delineated on the bias-corrected, 
averaged MP-RAGE scan by one researcher (RN) using ITK-SNAP software 
(Yushkevich et al., 2006). Based on published detailed guidelines, the perirhinal, 
entorhinal, and parahippocampal cortices were defined using landmarks 
including the gyrus of Schwalbe, the lateral edge of the collateral sulcus, the 
hippocampal uncus, and the splenium of the corpus callosum (Insausti et al., 
1998). The hippocampal subfields (CA1, CA3/DG, subiculum) were defined using 
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the Duvernoy atlas (2005) and methodology described in previous studies 
(Kirwan & Stark, 2007; Kirwan, Jones, Miller, & Stark, 2007). Eight coronal slices 
were selected that matched to equivalent slices in the Duvernoy atlas. 
Segmentation continued in both anterior and posterior directions, in steps of 1 
mm, and a smooth, delineated transition proceeded between slices. Using ROI-
ANTs, an averaged anatomical space was constructed based on the MP-RAGE 
scans from the 19 participants in the study. The individual segmentations were 
then warped into an anatomical space customized for the MP-RAGE scans from 
our subjects. The resulting individual displacement fields were then applied to the 
statistical parametric maps of each participant that respected the manually 
segmented anatomical boundaries of hippocampal  subfields, parahippocampal 
cortices, and the amygdala.  
 
4.2.6 Statistical analysis of behavioral and fMRI data 
A repeated-measures ANOVA with factors of WM load (Load 2 vs. Load 4) and 
similarity (similar vs. dissimilar) was conducted to assess main effects and 
interactions of behavioral performance (reaction time, % correct) and BOLD 
activity within MTL and hippocampal regions-of-interest (ROI). fMRI analysis was 
conducted on correct trials, only. Post-hoc ROI based paired-sample t-tests, as 
well as percent BOLD signal change extractions using peaks of regional 
activation were used to identify the directionality of activity. MarsBar ROI toolbox 
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for SPM8 was used to extract percent BOLD signal change from each participant 
(Brett, Anton, Valabregue, & Poline, 2002).  
Parameter estimate maps (beta images) were entered into group-level 
analyses for all participants. Group-level statistical maps were created with a 
voxel statistical threshold of p < 0.03 and a multiple comparisons corrected 
cluster-level threshold of p < 0.01. A minimum cluster size of 30 voxels was 
derived from a Monte Carlo simulation with 10,000 iterations using AFNI’s 
AlphaSim program (Ward). Group-level statistical parametric maps were masked 
with the anatomical segmentation of the template hippocampal subfields and 
MTL cortices to isolate areas of activation to ROIs. 
 
4.3 Results 
4.3.1 Behavioral Results 
Overall, participants performed more accurately on lower (load 2) trials compared 
to higher (load 4) trials (Mean percent correct ± SD: Load 2: 80.5% ± 1.0% Load 
4: 74.1% ± 2.3%, F(1,18)=13.55, p<0.05) and on dissimilar trials compared to 
similar trials (dissimilar: 79.4% ± 1.7%, similar: 75.2% ± 2.0%, F(1,18)=4.53, 
p<0.05; table 1). Reaction time analysis revealed no significant differences 
between load (Load 2: 1327.8 ± 92.0 msec, Load 4: 1383.9 ± 89.3 msec, 
F(1,18)=4.31, NS) and stimulus condition (dissimilar: 1335.3 ± 94.9 msec, similar: 
1376.5 ± 86.2msec, F(1,18)=2.32, NS). A repeated measures ANOVA (Load 
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2/Load 4 by dissimilar/similar) showed no significant load x similarity interactions 
for both accuracy (F(1,18)=0.01, NS) and reaction time (F(1,18)=3.68, NS).   
 
4.3.2 fMRI Results 
BOLD activity during sample, correct trials 
During the sample period, a main effect of load (load 4 > load 2) was localized to 
bilateral CA3/DG, CA1, subiculum along with bilateral EC and amygdala (table 
2). Main effects of similarity showed activation within the EC (similar > dissimilar) 
and activation within bilateral CA1, amygdala, PrC, and PHC (dissimilar > 
similar).  
The two-factor repeated-measures ANOVA also showed a load x 
condition interaction during sample within CA1, PrC, EC, PHC, and amygdala 
(fig. 4.2). Post-hoc analysis of the activity in these regions indicated directionality 
of these effects (table 4.2). Areas within CA1, EC, and the amygdala showed 
differences in activity for dissimilar faces (load 4 dissimilar > load 2 dissimilar), 
while areas localized to the amygdala, PrC, and PHC showed increased activity 
for similar faces (load 2 similar > load 4 similar) with lower loads. Additionally, an 
area localized to the EC showed increased activity for low load trials as a 
function of similarity (load 2 similar > load 2 dissimilar) and an area localized to 
the PrC showed the reverse pattern in low load trials (load 2 dissimilar > load 2 
similar).  
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BOLD activity during sample, incorrect trials 
We also examined main effects of load and similarity, along with a load x 
similarity interaction for incorrect trials. During the sample period, a main effect of 
load (load 4 > load 2) was localized to CA3/DG, CA1, and subiculum as well as 
to the MTL cortices including PrC, EC, and PHC (table 4.3). Regions of activity 
within EC, PrC, and PHC showed differences in activity for lower load trials (load 
2 > load 4). Main effects of similarity showed activity within CA1, PrC, and EC 
(similar > dissimilar) and activity within CA3/DG, CA1, PrC, EC, and PHC 
(dissimilar > similar).  
A load x similarity interaction during sample showed activity within EC, 
PrC, and PHC. Post-hoc analysis of the activity in these regions indicated 
directionality of these effects (table 4.3). Activity within PrC, EC, and PHC 
showed activity differences for lower load trials as a function lf dissimilarity (load 
2 dissimilar > load 2 similar) and activity increases with greater load for similar 
faces (load 4 similar > load 2 similar). An area localized within the PrC showed 
increased activity for dissimilar faces with greater load (load 4 dissimilar > load 2 
dissimilar) while an additional area in EC showed increased activity for high loads 
as a function of similarity (load 4 similar > load 4 dissimilar).  
 
BOLD activity during delay, correct trials 
During the delay period, a main effect of load (load 4 > load 2) was localized to 
CA1, CA3/DG, PrC, EC, and PHC (table 4.4). Main effects of similarity showed 
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activation within PrC and PHC (similar > dissimilar), and activation within CA1, 
PrC, EC, and amygdala (dissimilar > similar).  
The two-factor repeated-measures ANOVA also showed a load x 
condition interaction during the delay period within CA1 (figure 4.3), PHC, and 
the amygdala. Post-hoc analysis of the activity in these regions indicated 
directionality of these effects (table 4.4). Areas within CA1 and amygdala showed 
a similarity effect in activity for low load trials (load 2 similar > load 2 dissimilar) 
and a dissimilarity effect for high load trials (load 4 dissimilar > load 4 similar). 
Post-hoc analyses also showed a load effect within CA1 for dissimilar faces (load 
4 dissimilar > load 2 dissimilar). Two clusters within the amygdala also showed 
activity reverse load effect for similar faces (load 2 similar > load 4 similar) while 
the PHC was the only region that showed a load effect that was driven by similar 
faces (load 4 similar > load 2 similar).      
 
BOLD activity during delay, incorrect trials 
During the delay for incorrect trials, we observed that a main effect of load (load 
4 > load 2) was in several peaks within the MTL cortices - PrC, EC, and PHC 
while the opposite pattern (load 2 > load 4) showed activity localized within the 
PHC. Main effects of similarity showed activity to the CA3/DG, CA1, and 
subiculum as well as PrC, EC, and PHC (similar > dissimilar). In addition, a main 
effect of dissimilarity showed activity in CA1 and PrC (dissimilar > similar).  
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A repeated-measures ANOVA also showed a load x condition interaction 
during the delay for incorrect trials within CA1 (see figure 4.4), EC, PHC, and 
amygdala. Post-hoc analysis of the activity in these regions indicated 
directionality of these effects (table 4.5). A load effect for similar faces was 
present within CA1, EC, PHC, and amygdala (load 4 similar > load 2 similar) a 
similarity effect was present for high load trials (load 4 similar > load 4 dissimilar) 
wthin parahippocampal areas (PrC, EC, PHC). Activity localized to CA1, EC, and 
amygdala showed a dissimilarity effect for low load trials (load 2 dissimilar > load 
2 similar).  
 
4.4 Discussion 
The present study assessed the response of the hippocampal subregions 
(CA3/DG, CA1, subiculum) and surrounding MTL cortices (amygdala, perirhinal, 
entorhinal, parahippocampal) during increased WM load and stimulus similarity. 
We generated similar items by creating composite faces that shared 30% of 
similarity. Dissimilar items consisted of unmorphed, distinct faces. Contrary to 
what we hypothesized, a load by similarity interaction showed load-dependent 
CA1 activity when dissimilar stimuli were encoded and maintained over a brief 
delay. An area localized to the PHC was modulated for higher WM loads 
involving similar items. Our results indicate that, consistent with our prediction, 
CA1 plays a key role during encoding and maintaining higher loads of distinct 
items, while the PHC plays a key role during maintaining higher loads of similar 
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items and suggest that these regions may serve as a buffer for maintaining WM 
representations.  
In addition, we also observed a main effect of load during encoding in a 
large hippocampal cluster, including CA1, CA3/DG and subiculum. While 
CA3/DG activity was not modulated by stimulus similarity during encoding as we 
hypothesized, unexpectedly, it also showed a main effect of load during the WM 
task delay. This suggests that the CA3/DG subfield is recruited when stimuli from 
one category, regardless of their within-category similarity, need to be actively 
maintained in WM in a capacity-dependent manner. We are among the first to 
demonstrate a load effect in a hippocampal subfield during WM task delay. 
These results suggest a role for CA3/DG in active maintenance during WM. 
While we did not assess WM capacity of our participants, this idea is consistent 
with the suggestion that the hippocampus is recruited during WM when WM 
capacity is taxed or exceeded. 
The hippocampus has been implicated in several theoretical models as a 
key region in maintaining multiple items during WM and encoding them into long-
term memory (Lisman & Idiart, 1995; Jensen & Lisman, 2005). Using fMRI and 
intracranial EEG, recent studies have documented increased MTL activity during 
WM tasks involving greater item load during encoding and maintenance 
(Axmacher et al., 2007; Rissman et al., 2008; Meltzer, Zaveri, Goncharova, 
Distasio, Papademetris, et al., 2008). An increase in hippocampal gamma 
oscillations has also been documented for elevated WM loads (van Vugt et al., 
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2010). Moreover, lesions to the hippocampus impair short-term memory ability in 
high memory load conditions (Beason-Held, Rosene, Killiany, & Moss, 1999; 
Levy, Manns, Hopkins, Gold, Broadbent, et al., 2003; Levy, Hopkins, & Squire, 
2004; Sannino, Russo, Torromino, Pendolino, Calabresi, et al., 2012). At a 
subfield level, findings have shown that CA1 and CA3 pyramidal neurons show 
persistent firing in hippocampal slice preparations (Knauer et al., 2013) 
suggesting a role for CA1 and CA3 in WM maintenance. Hippocampal 
contribution during WM tasks has been interpreted as long-term memory 
processes when WM capacity has been exceeded (Jeneson et al., 2011; 
Jeneson et al., 2012). In our current study, we see that activity in CA1 differs 
depending on stimulus similarity, suggesting that the effects of task demands 
may influence CA1 recruitment during WM. 
Contrary to our initial expectation, the hippocampus was not modulated by 
higher WM loads for similar stimuli (Load 4 Similar > Load 2 Similar), but instead, 
showed a load effect when stimuli were dissimilar (Load 4 Dissimilar > Load 2 
Dissimilar). Previous high-resolution studies have used incidental encoding 
tasks, presenting stimuli that were either identical or similar to previously 
presented items, and observed that CA3/DG activity corresponded to 
discriminating whether a similar stimulus was different from a previously seen 
(Bakker et al., 2008; Lacy et al., 2011). These studies also observed that CA1 
and subiculum are engaged when participants incorrectly identify a similar item 
as an identical item. Here, we observed a different pattern, that is, EC activity 
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when subjects had to discriminate between similar stimuli during encoding 
regardless of whether trials were correct. This result, while unexpected, is 
consistent with the role of the feed forward connectivity between the EC and CA3 
via the perforant path, bypassing the DG, as a pattern association network (Rolls 
and Treves, 1990). While we cannot differentiate between DG and CA3 activity 
with our high-resolution fMRI methods, our observation of EC and CA3/DG 
activity during encoding and maintenance of similar stimuli (Similar > Dissimilar) 
during incorrect trials, may be consistent with pattern association and failed 
pattern separation when subjects made incorrect judgments.  
In contrast to our study, previous high-resolution fMRI studies (Bakker et 
al., 2008; Lacy et al., 2011) used incidental encoding paradigms and participants 
were not required to make explicit memory judgments. It is possible that task 
performance at high WM loads depended on feature discrimination and on 
selective attention to salient facial features among distinct faces. In support 
increased CA1 activity has been shown when participants process large, 
perceptual changes among items (Duncan et al., 2011; Chen, Olsen, Preston, 
Glover, & Wagner, 2011). Additionally, it has been suggested that the 
hippocampus plays a key role in processing distinct, high-resolution features 
about tested items (Yonelinas, 2013). Our results suggest that CA1 may 
contribute during WM when participants identify salient facial features when 
discriminating distinct faces. 
78 
	  
	  
Under lower WM loads, our results show CA1 activity while participants 
maintained representations sharing similar features (Load 2 Similar > Load 2 
Dissimilar), consistent with our previous work (Newmark et al., 2013). It has been 
suggested that the hippocampus may be susceptible to interference due to 
increased loads of similar memory traces and may therefore fail to pattern 
separate similar episodic memory representations (Norman et al., 2003; Elfman, 
Parks, & Yonelinas, 2008; Norman, 2010). We argue that absence of greater 
CA3/DG activity in our data for similar compared to dissimilar stimuli for correct 
trials paired with presence of CA3/DG activity for similar compared to dissimilar 
stimuli for incorrect trials may suggest failure to pattern separate, especially at 
higher WM loads. At higher loads, our results suggest that extrahippocampal 
areas, including the parahippocampal cortex, may contribute to the active 
maintenance of similar representations across a brief delay. Imaging studies 
have also suggested that the fusiform face area (FFA) may also contribute to 
discriminating highly similar faces (Rotshtein, Henson, Treves, Driver & Dolan, 
2005). Similar faces possess multiple common features and suppressed 
hippocampal activity may aid in task efficiency and prevent task-irrelevant 
features from impairing WM performance. Future studies exploring a gradual 
change in the fMRI signal in CA1 and CA3/DG with parametrically increasing 
stimulus similarity are needed. 
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4.5 Conclusions 
Our results identify that during a brief delay period, CA1 was functionally 
recruited to support maintaining higher WM loads of dissimilar faces, but not 
similar ones. These findings are among the first to demonstrate a load effect 
during active maintenance in CA1, a working memory process. Here, we provide 
evidence that the role of the hippocampus is not limited to that of long-term 
memory and suggest that the similarity, quality, and features of encoded and 
maintained items influence hippocampal recruitment during WM.  
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4.6 Chapter 4 figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1  
a) An example of two dissimilar, unmorphed facial stimuli. b) Similar facial-stimuli were 
created by morphing individual faces to a template face to create c) composite faces that 
share 30% of features. Although the similar and dissimilar examples above are the same 
faces for demonstration purposes, the facial stimuli used in the actual paradigm were 
unique; d) e) Overview of the fMRI DMS task. Subjects viewed a sequence of either four or 
two similar or dissimilar faces (encoding), followed by a 10-second delay phase 
(maintenance). During the probe phase (retrieval), subjects indicated whether the probe 
matched one of the faces presented during encoding. The probe face for dissimilar, non-
match trials was a unique face matched for sex, race, and approximate age to the sample 
faces. For similar, non-match trials, a unique face was morphed to the template face and 
used as a probe. The similar example above features a non-match probe. 
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Figure 4.2  
A WM load (load 2, load 4) by condition (similar, dissimilar) interaction shows increased 
activity for similar items at lower loads, and higher activity for dissimilar items at higher 
loads. The above picture illustrates selective statistical parametric maps for group-level 
activity superimposed on the representative structural template, the corresponding 
segmented image, and the corrected-signal intensities for similar (blue) and dissimilar (red) 
stimuli. The model segmentation is displayed (left) to indicate the location of the CA1 (light 
green), EC (light blue), and amygdala (pink). Areas of activity within EC, PrC, and PHC are 
not displayed in the above figure. Note that numbers correspond to y-coordinates, i.e., the 
distance of each slice from the anterior commisure in mm (AC, y=0 mm in Talairach 
coordinates; i.e. regions posterior to the AC have negative y-values) and are indicated for 
each slice. Note that the coordinates describe a subject-specific space, and are not in MNI 
or Talairach space. 
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Figure 4.3  
A WM load (load 2, load 4) by condition (similar, dissimilar) interaction shows increased CA1 
activity for dissimilar items at higher WM loads. The above picture illustrates selective 
statistical parametric maps for group-level activity superimposed on the representative 
structural template, the corresponding segmented image (left), and the corrected-signal 
intensities for similar (blue) and dissimilar (red) stimuli (graphs on the right). The model 
segmentation is displayed to indicate the location of the CA1 (light green). Areas of activity 
within the amygdala are not featured in the above figure. Note that numbers correspond to y-
coordinates, i.e., the distance of each slice from the anterior commisure in mm (AC, y=0 mm 
in Talairach coordinates; i.e. regions posterior to the AC have negative y-values) and are 
indicated for each slice. Note that the coordinates describe a subject-specific space, and are 
not in MNI or Talairach space. 
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Figure 4.4  
A WM load by condition interaction for incorrect trials shows that CA1 activity was decreased for 
dissimilar items at higher WM loads, the opposite pattern observed for correct trials. The above 
picture illustrates selective statistical parametric maps for group-level activity superimposed on the 
representative structural template, the corresponding segmented image (left), and the corrected-signal 
intensities for similar (blue) and dissimilar (red) stimuli (graphs on the right). The model 
segmentation is displayed to indicate the location of the CA1 (light green). Areas of activity within 
the amygdala are not featured in the above figure. Note that numbers correspond to y-coordinates, i.e., 
the distance of each slice from the anterior commisure in mm (AC, y=0 mm in Talairach coordinates; 
i.e. regions posterior to the AC have negative y-values) and are indicated for each slice. Note that the 
coordinates describe a subject-specific space, and are not in MNI or Talairach space. 
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4.7 Chapter 4 tables 
Table 4.1. The table summarizes the behavioral performance (reaction time and 
accuracy) of the participants during the WM task.   
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Similar	  >	  Dissimilar	   Dissimilar	  >	  Similar	  
Region	   x	  y	  z	   z-­score	   Ke	   Region	   x	  y	  z	   z-­score	   Ke	  L	  EC	   21	  4	  -­‐26	   3.45	   56	   L	  CA1	   14	  -­‐3	  -­‐14	   3.09	   86	  L	  EC	   13	  0	  -­‐21	   3.05	   49	   L	  PrC	   27	  -­‐2	  -­‐28	   2.74	   47	  	   	   	   	   L	  PHC	   31	  -­‐14	  -­‐24	   2.79	   37	  	   	   	   	   L	  PHC	   26	  -­‐24	  -­‐17	   2.91	   64	  	   	   	   	   L	  Amyg	   18	  4	  -­‐8	   3.13	   42	  	   	   	   	   R	  PrC	   -­‐25	  17	  -­‐32	   3.21	   60	  	   	   	   	   R	  Amyg	   -­‐19	  6	  -­‐8	   2.86	   57	  	   	   	   	   R	  CA1	   -­‐16	  -­‐5	  -­‐18	   4.06	   119	  	   	   	   	   R	  PHC	   -­‐19	  -­‐29	  -­‐20	   3.51	   58	  
Load	  4	  >	  Load	  2	   Load	  2	  >	  Load	  4	  
Region	   x	  y	  z	   z-­score	   Ke	   Region	   x	  y	  z	   z-­score	   Ke	  L	  Hipp	   26	  -­‐31	  -­‐3	   5.56	   1608	  L	  EC	   17	  14	  -­‐26	   3.03	   39	  L	  Amyg	   18	  11	  -­‐16	   3.03	   32	  R	  Hipp	   -­‐28	  -­‐30	  -­‐5	   4.87	   687	  R	  EC	   -­‐21	  -­‐7	  -­‐23	   3.51	   46	  R	  EC	   -­‐15	  -­‐2	  -­‐22	   3.18	   31	  R	  Amyg	   -­‐22	  8	  -­‐17	   2.88	   51	   	  
Region	   x	  y	  z	   z-­	  
score	  
Ke	   Post-­Hoc	  Analysis	  L	  EC	   18	  6	  -­‐23	   3.21	   56	   L4	  Dis	  >	  L2	  Dis	   	   	  R	  CA1	   -­‐21	  5	  -­‐22	   3.22	   55	   L4	  Dis	  >	  L2	  Dis	   	   	  R	  Amyg	   -­‐21	  3	  -­‐16	   3.06	   30	   L4	  Dis	  >	  L2	  Dis	   	   	  R	  EC	   -­‐17	  12	  -­‐24	   3.26	   103	   L4	  Dis	  >	  L2	  Dis	   	   	  L	  Amyg	   17	  10	  -­‐17	   4.04	   63	   L4	  Dis	  >	  L2	  Dis	   L2	  Sim	  >	  L4	  Sim	   	  L	  PrC	   22	  16	  -­‐15	   3.73	   85	   	   L2	  Sim	  >	  L4	  Sim	   	  L	  PrC	   30	  15	  -­‐25	   3.37	   36	   	   L2	  Sim	  >	  L4	  Sim	   	  R	  PHC	   -­‐15	  -­‐18	  -­‐18	   3.61	   39	   	   L2	  Sim	  >	  L4	  Sim	   	  L	  EC	   11	  6	  -­‐17	   3.10	   30	   	   	   L2	  Sim	  >	  L2	  Dis	  R	  PrC	   -­‐28	  -­‐4	  -­‐27	   3.05	   30	   	   	   L2	  Dis	  >	  L2	  Sim	  
 
Table 4.2. Main effects and interactions during sample for correct trials. The table 
shows the neural region, coordinates, z-scores, and cluster size for the main effects of 
similarity, load, and the interaction during the sample period. The coordinates are listed 
in radiological orientation, and hipp refers to activity that covers all subregions 
(CA3/DG, CA1, and subiculum). 
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Similar	  >	  Dissimilar	   Dissimilar	  >	  Similar	  
Region	   x	  y	  z	   z-­score	   Ke	   Region	   x	  y	  z	   z-­score	   Ke	  L	  PrC	   -­‐20	  16	  -­‐16	   4.68	   63	   L	  CA1	   -­‐18	  2	  -­‐19	   3.40	   389	  L	  EC	   -­‐24	  -­‐4	  -­‐25	   2.75	   47	   L	  Amyg	   -­‐19	  0	  -­‐10	   3.39	   51	  R	  PrC	   21	  14	  -­‐17	   3.12	   87	   L	  PHC	   -­‐25	  -­‐29	  -­‐18	   3.30	   91	  R	  CA1	   31	  -­‐3	  -­‐15	   4.53	   55	   L	  PrC	   -­‐23	  9	  -­‐31	   3.09	   102	  	   	   	   	   R	  PHC	   19	  -­‐30	  -­‐17	   3.75	   94	  	   	   	   	   R	  EC	   17	  7	  -­‐24	   3.71	   165	  	   	   	   	   R	  PHC	   25	  -­‐20	  -­‐19	   3.52	   45	  	   	   	   	   R	  PrC	   28	  -­‐1	  -­‐26	   2.98	   51	  	   	   	   	   R	  CA3/DG	   17	  -­‐32	  -­‐4	   2.85	   38	  	   	   	   	   R	  PHC	   32	  -­‐26	  -­‐17	   2.61	   44	  	   	   	   	   R	  PrC	   25	  3	  -­‐29	   2.60	   42	  
Load	  4	  >	  Load	  2	   Load	  2	  >	  Load	  4	  
Region	   x	  y	  z	   z-­score	   Ke	   Region	   x	  y	  z	   z-­score	   Ke	  L	  Hipp	   -­‐28	  -­‐30	  -­‐5	   3.88	   239	   L	  PHC	   -­‐13	  -­‐29	  -­‐10	   3.66	   135	  L	  PHC	   -­‐24	  -­‐29	  -­‐19	   3.47	   67	   L	  PrC	   -­‐21	  16	  -­‐15	   2.99	   35	  L	  CA1	   -­‐23	  -­‐7	  -­‐17	   3.43	   60	   L	  EC	   -­‐29	  -­‐9	  -­‐21	   2.95	   63	  L	  Hipp	   -­‐32	  -­‐15	  -­‐10	   3.10	   106	   R	  EC	   13	  7	  -­‐16	   3.38	   43	  L	  Hipp	   -­‐24	  -­‐2	  -­‐12	   2.98	   87	   R	  PrC	   21	  -­‐17	  -­‐19	   3.29	   37	  L	  PHC	   -­‐24	  -­‐22	  -­‐17	   2.44	   35	   	   	   	   	  R	  Amyg	   21	  5	  -­‐10	   3.49	   69	   	   	   	   	  R	  PrC	   20	  15	  -­‐28	   3.56	   328	   	   	   	   	  R	  Hipp	   	  25	  -­‐3	  -­‐19	   3.11	   67	   	   	   	   	  R	  Amyg	   28	  7	  -­‐20	   2.99	   54	   	   	   	   	  R	  EC	   18	  -­‐9	  -­‐20	   2.95	   69	   	   	   	   	  R	  CA1	   31	  -­‐8	  -­‐18	   2.74	   38	   	   	   	   	  R	  PrC	   32	  -­‐18	  -­‐17	   4.39	   998	   	   	   	   	  
Region	   x	  y	  z	   z-­score	   Ke	   Post-­Hoc	  Analysis	  R	  EC	   20	  10	  -­‐28	   3.96	   446	   L4	  Sim	  >	  L2	  Sim	   L2	  Dis	  >	  L2	  Sim	   	  L	  PrC	   -­‐22	  10	  -­‐30	   3.51	   303	   L4	  Sim	  >	  L2	  Sim	   L2	  Dis	  >	  L2	  Sim	   	  R	  PHC	   22	  -­‐23	  -­‐18	   3.65	   139	   	   L2	  Dis	  >	  L2	  Sim	   	  R	  PHC	   20	  -­‐33	  -­‐14	   3.05	   43	   	   L2	  Dis	  >	  L2	  Sim	   	  R	  PrC	   20	  19	  -­‐23	   2.85	   33	   	   	   L4	  Dis	  >	  L2	  Dis	  L	  EC	   -­‐25	  -­‐9	  -­‐25	   3.35	   33	   L4	  Sim	  >	  L4	  Dis	   	   	  
 
Table 4.3. Main effects and interactions during sample for incorrect trials. The table 
shows the neural region, coordinates, z-scores, and cluster size for the main effects of 
similarity, load, and the interaction during the sample period for incorrect trials, only. 
The coordinates are listed in radiological orientation, and hipp refers to activity that 
covers all subregions (CA3/DG, CA1, and subiculum). 
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Similar	  >	  Dissimilar	   Dissimilar	  >	  Similar	  
Region	   x	  y	  z	   z-­score	   Ke	   Region	   x	  y	  z	   z-­score	   Ke	  L	  PHC	   26	  -­‐14	  -­‐24	   3.30	   44	   L	  Amyg	   23	  6	  -­‐15	   2.67	   74	  R	  PrC	   -­‐32	  0	  -­‐28	   2.80	   31	   L	  CA1	   17	  -­‐4	  -­‐16	   2.68	   34	  	   	   	   	   L	  PrC	   29	  -­‐9	  -­‐25	   2.66	   47	  	   	   	   	   L	  EC	   24	  0	  -­‐28	   3.03	   34	  	   	   	   	   R	  Amyg	   -­‐21	  4	  -­‐8	   3.04	   58	  
Load	  4	  >	  Load	  2	   Load	  2	  >	  Load	  4	  
Region	   x	  y	  z	   z-­score	   Ke	   Region	   x	  y	  z	   z-­score	   Ke	  L	  CA1	   32	  -­‐1	  -­‐19	   3.45	   51	   	   	   	   	  L	  PrC/EC	   30	  1	  -­‐24	   3.34	   217	   	   	   	   	  L	  EC	   19	  12	  -­‐27	   3.61	   189	   	   	   	   	  L	  PHC	   19	  -­‐18	  -­‐20	   4.33	   802	   	   	   	   	  L	  PHC	   12	  -­‐32	  -­‐8	   3.95	   92	   	   	   	   	  R	  CA3/DG	   -­‐26	  -­‐8	  -­‐17	   2.91	   74	   	   	   	   	  R	  PrC/EC	   -­‐23	  17	  -­‐23	   2.98	   46	   	   	   	   	  R	  PrC/EC	   -­‐29	  -­‐13	  -­‐20	   3.74	   206	   	   	   	   	  R	  PrC/EC	   -­‐19	  10	  -­‐29	   3.48	   174	   	   	   	   	  R	  PHC	   -­‐27	  -­‐2	  -­‐24	   3.38	   277	   	   	   	   	  R	  PHC	   -­‐18	  -­‐25	  -­‐20	   3.49	   239	   	   	   	   	  R	  PHC	  	   -­‐11	  -­‐31	  -­‐7	   2.75	   135	   	   	   	   	  
Region	   x	  y	  z	   z-­score	   Ke	   Post-­Hoc	  Analysis	  
L4	  Dis	  >	  L4	  Sim	   L4	  Dis	  >	  L2	  Dis	  L	  Amyg	   22	  9	  -­‐17	   3.34	   131	  
L2	  Sim	  >	  L4	  Sim	   L2	  Sim	  >	  L2	  Dis	  L	  Amyg	   13	  2	  -­‐12	   3.16	   67	   L4	  Dis	  >	  L4	  Sim	   L2	  Sim	  >	  L4	  Sim	   L2	  Sim	  >	  L2	  Dis	  L	  CA1	   20	  -­‐2	  -­‐16	   2.58	   51	   L4	  Dis	  >	  L4	  Sim	   L4	  Dis	  >	  L2	  Dis	   L2	  Sim	  >	  L2	  Dis	  L	  CA1	   30	  -­‐4	  -­‐16	   2.52	   36	   	   L4	  Dis	  >	  L2	  Dis	   	  L	  PHC	   17	  -­‐29	  -­‐18	   2.90	   30	   	   	   L4	  Sim	  >	  L2	  Sim	  R	  CA1	   -­‐30	  -­‐9	  -­‐19	   3.00	   63	   L4	  Dis	  >	  L4	  Sim	   L4	  Dis	  >	  L2	  Dis	   L2	  Sim	  >	  L2	  Dis	  
 
Table 4.4: Main effects and interactions during delay, for correct trials. The table shows 
the neural region, coordinates, z-scores, and cluster size for the main effects of similarity, 
load, and the interaction during the delay period. The coordinates are listed in 
radiological orientation.  
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Similar	  >	  Dissimilar	   Dissimilar	  >	  Similar	  
Region	   x	  y	  z	   z-­score	   Ke	   Region	   x	  y	  z	   z-­score	   Ke	  L	  EC	   -­‐25	  -­‐8	  -­‐25	   3.49	   143	   L	  PrC	   -­‐34	  2	  -­‐28	   3.36	   72	  L	  Hipp	   -­‐25	  -­‐22	  -­‐10	   3.31	   247	   L	  CA1	   -­‐12	  -­‐2	  -­‐15	   2.82	   30	  L	  PrC	   -­‐25	  7	  -­‐31	   3.30	   408	   	   	   	   	  L	  PHC	   -­‐22	  -­‐29	  -­‐17	  	   3.12	   44	   	   	   	   	  L	  PHC	   -­‐31	  -­‐34	  -­‐12	   2.82	   37	   	   	   	   	  R	  PrC	   29	  12	  -­‐26	   2.82	   34	   	   	   	   	  R	  Hipp	   28	  -­‐13	  -­‐14	   2.46	   30	   	   	   	   	  R	  PrC	   20	  14	  -­‐17	   3.41	   45	   	   	   	   	  R	  PHC	   18	  -­‐21	  -­‐17	   3.24	   75	   	   	   	   	  R	  PHC	   22	  -­‐29	  -­‐13	   3.10	   254	   	   	   	   	  
Load	  4	  >	  Load	  2	   Load	  2	  >	  Load	  4	  
Region	   x	  y	  z	   z-­score	   Ke	   Region	   x	  y	  z	   z-­score	   Ke	  L	  PHC	   -­‐25	  -­‐27	  -­‐15	   4.01	   173	   R	  PHC	   15	  -­‐22	  -­‐15	   3.53	   63	  L	  PrC	   -­‐22	  10	  -­‐29	   2.86	   43	   	   	   	   	  L	  PrC	   -­‐28	  -­‐7	  -­‐25	   2.72	   32	   	   	   	   	  R	  EC	   15	  8	  -­‐22	   3.09	   42	   	   	   	   	  R	  PrC	   29	  -­‐13	  -­‐22	   2.91	   86	   	   	   	   	  R	  EC	   22	  -­‐5	  -­‐24	   2.85	   31	   	   	   	   	  R	  PHC	   28	  -­‐25	  -­‐15	   2.68	   48	   	   	   	   	  R	  PrC	   23	  9	  -­‐32	   2.66	   34	   	   	   	   	  
Region	   x	  y	  z	   z-­score	   Ke	   Post-­Hoc	  Analysis	  R	  CA1	   26	  2	  -­‐16	   4.25	   437	   L4	  Sim	  >	  L2	  Sim	   L4	  Sim	  >	  L4	  Dis	   L2	  Dis	  >	  L2	  Sim	  L	  Amyg	   -­‐18	  1	  -­‐8	   4.19	   210	   L4	  Sim	  >	  L2	  Sim	   L4	  Sim	  >	  L4	  Dis	   L2	  Dis	  >	  L2	  Sim	  L	  EC	   -­‐26	  -­‐1	  -­‐28	   3.33	   147	   L4	  Sim	  >	  L2	  Sim	   L4	  Sim	  >	  L4	  Dis	   L2	  Dis	  >	  L2	  Sim	  L	  Amyg	   -­‐19	  7	  -­‐16	   3.27	   235	   L4	  Sim	  >	  L2	  Sim	   L4	  Sim	  >	  L4	  Dis	   L2	  Dis	  >	  L2	  Sim	  L	  Hipp	   -­‐19	  -­‐6	  -­‐13	   3.32	   101	   L4	  Sim	  >	  L2	  Sim	   L4	  Sim	  >	  L4	  Dis	   	  L	  EC	   -­‐16	  8	  -­‐26	   3.18	   65	   L4	  Sim	  >	  L2	  Sim	   L4	  Sim	  >	  L4	  Dis	   	  L	  PHC	   -­‐12	  -­‐33	  -­‐14	   3.80	   61	   L4	  Sim	  >	  L2	  Sim	   L4	  Sim	  >	  L4	  Dis	   	  R	  EC	   26	  14	  -­‐25	   3.61	   73	   L4	  Sim	  >	  L2	  Sim	   L4	  Sim	  >	  L4	  Dis	   	  R	  EC	   19	  4	  -­‐27	   2.63	   32	   L4	  Sim	  >	  L2	  Sim	   	   L2	  Dis	  >	  L2	  Sim	  R	  PHC	   15	  -­‐21	  -­‐16	   2.52	   35	   	   L4	  Sim	  >	  L4	  Dis	   	  R	  Amyg	   18	  2	  -­‐12	   2.89	   42	   	   L4	  Sim	  >	  L4	  Dis	   L2	  Dis	  >	  L2	  Sim	  L	  CA1	   -­‐15	  -­‐31	  -­‐5	   2.99	   34	   	   	   L2	  Dis	  >	  L2	  Sim	  
 
Table 4.5: Main effects and interactions during delay for incorrect trials. The table 
shows the neural region, coordinates, z-scores, and cluster size for the main effects of 
similarity, load, and the interaction during the delay period for incorrect trials, only. 
Coordinates are listed in radiological orientation and hipp refers to activity that covers all 
subregions. 
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Direction	  
Sample,	  	  
correct	  
Sample,	  
incorrect	  
Delay,	  
correct	  
Delay,	  	  
incorrect	  L2	  Similar	  >	  L2	  Dissimilar	   Entorhinal	   	   CA1,	  Amyg	   	  L4	  Similar	  >	  L4	  Dissimilar	   	   Entorhinal	   	   CA1,	  Entorhinal,	  PHC,	  Amyg	  L2	  Dissimilar	  >	  L2	  Similar	   Perirhinal	   Entorhinal,	  Perirhinal,	  
PHC	  
	   CA1,	  Entorhinal,	  
Amyg	  L4	  Dissimilar	  >	  L4	  Similar	   	   	   CA1,	  Amyg	   	  L2	  Similar	  >	  L4	  Similar	   Perirhinal,	  PHC,	  Amyg	   	   Amyg	   	  L4	  Similar	  >	  L2	  Similar	   	   Entorhinal,	  Perirhinal	   PHC	   CA1,	  Entorhinal,	  PHC,	  Amyg	  L4	  Dissmilar	  >	  L2	  Dissimilar	   CA1,	  EC,	  Amyg	   Perirhinal	   CA1,	  Amyg	   	  L2	  Dissimilar	  >	  L4	  Dissimilar	   	   	   	   	  
 
Table 4.6: Interaction summary. The table summarizes the directionality of the 
interaction effects during sample and delay periods.  
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CHAPTER 5: Summary and Discussion 
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5.1 General Discussion and Conclusions 
The hippocampus and surrounding MTL cortices have been central to the study 
of human memory following an initial finding that bilateral damage to the MTL 
resulted in severe anterograde and temporally-graded retrograde amnesia 
(Scoville & Milner, 1957). Initial findings indicated that LTM was impaired but WM 
was spared leading to the suggestion that the LTM and WM systems were 
anatomically distinct systems that could be dissociated from each other. More 
recent work has called this anatomical distinction into question (Ranganath & 
Blumenfeld, 2005; Hasselmo & Stern, 2006).  There has been an ongoing effort 
to understand and investigate the relationship between WM and long-term 
memory and the specific roles of the hippocampus and MTL cortices to memory 
formation, storage, and retrieval. It has been theorized that an episodic memory 
buffer acts as a mediator between WM and LTM (Baddeley, 2000). Several 
models of MTL and hippocampal function have described how MTL subregions 
and hippocampal subfields may contribute to these processes based on 
neuroanatomical and computational constraints (Lisman & Idiart, 1995; 
McClelland et al., 1995; Hasselmo & Wyble 1997; Hasselmo & Eichenbaum, 
2005; Koene & Hasselmo, 2007). The first two studies described in this 
dissertation tested predictions of these models and examined how hippocampal 
subfields and MTL cortices are engaged during WM disambiguation and 
increased item load maintenance. The third study investigated the relationship 
92 
	  
	  
between item similarity and WM load in the third experiment to test the selective 
recruitment of the hippocampus during the WM delay.  
Using high-resolution fMRI, three experiments were conducted that 
examined the functional contribution of hippocampal subfields (CA3/DG, CA1, 
subiculum) and surrounding MTL cortices during WM when items are overlapping 
or similar in nature and when WM load was increased. The first experiment 
(chapter 2) examined the functional recruitment of the hippocampal subfields and 
MTL cortices while participants rapidly encoded overlapping items and 
maintained them across a brief delay period. In the DMS task, participants 
sequentially viewed pairs of faces with two different expressions. The pairs of 
faces either shared the same identity (OL: overlapping) or consisted of two 
different identifies (NOL: non-overlapping). Following an 8-second delay in which 
participants maintained these items, participants then answered whether a test 
face matched one of the pairs (same identity, same expression) or whether it was 
a non-match (same identity, different expression). The analysis contrasted OL 
conditions with NOL conditions during the sample and delay phase and showed 
activity within CA3/DG, CA1, and subiculum during the sample phase, consistent 
with predictions of computational models proposing a role for CA3/DG in 
minimizing interference between and disambiguating overlapping items. Over the 
delay, activity was localized to CA1, subiculum along with EC, PrC, and PHC 
showing evidence suggesting that EC and CA1 may link temporally separated 
items and form long-term memories.  
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In experiment 2 (chapter 3), we examined the activity of the hippocampal 
subfields and MTL subregions using high-resolution fMRI while participants 
quickly encoded items at higher loads and maintained them across a brief delay 
period. Using a DMS task, participants were required to encode and maintain 
either two novel scenes (low load) or four novel scenes (high load). A contrast 
between high and low load showed greater activity within CA1 and subiculum 
during sample period while greater activity was localized to the EC, PrC, and 
PHC during the delay period. Consistent with computational models (Lisman & 
Idiart, 1995; Koene & Hasselmo, 2007), the results show parahippocampal 
involvement in active maintenance in a load-dependent manner, suggesting that 
these regions may serve as an episodic memory buffer. The results at sample 
suggest CA1 involvement in encoding multiple items that may enhance long-term 
encoding of novel information.  
In experiment 3 (chapter 4), the study examined the interaction between 
item similarity and WM load and hippocampal subfield activity when higher 
numbers of items that were similar in nature were maintained over a brief delay. 
Using a DMS task, participants were presented with similar items (faces sharing 
30% common features) or dissimilar items (distinct faces) at two different WM 
loads. The results revealed a load by similarity interaction showing that CA1 was 
active for higher WM loads for dissimilar items that were encoded and 
maintained over a brief delay, while the PHC was active for maintaining similar 
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stimuli for higher WM loads. These results suggest that CA1 may be active 
during a delay when the maintenance of distinct, dissimilar items is required.  
The results build off computational models that show a critical role for 
CA3/DG and CA1 in rapidly minimizing interference between overlapping input 
patterns during episodic memory (Rolls, 1990; O'Reilly et al., 1994; Hasselmo et 
al., 1997; Sohal et al., 1998; Hasselmo et al., 2005). These regions contribute in 
assigning distinct patterns to stimuli leading to rapid encoding without detriment 
from interference. These models have been tested in human neuroimaging 
during recognition memory using items and similar lures (Bakker et al., 2008). 
The results from the first experiment indicate that CA3/DG is involved in WM 
when overlapping items are disambiguated. Evidence from electrophysiological 
studies support this conclusion showing that the rapid formation of distinct 
episodes depends on hippocampal function and these findings extend the role of 
CA3/DG during episodic disambiguation to that of WM encoding.  
The work presented here also examined the contributions of the 
hippocampal subfields and MTL cortices over a WM delay. The combined results 
confirm computational models predicting extrahippocampal MTL cortical 
involvement during active maintenance in a load-dependent manner (Lisman & 
Idiart, 1995; Koene & Hasselmo, 2007) and extend findings from cellular 
recordings showing persistent EC activity (Young et al., 1997; Egorov et al., 
2002) and PrC activity (Navaroli et al., 2012) across a delay. The persistent firing 
has been theorized to act as a mechanism for active maintenance of novel 
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information as well as the encoding of information into long-term memory 
(Hasselmo & Wyble, 1997; Hasselmo & Stern, 2006). Recent evidence has also 
shown persistent activity in CA1 during a delay period (Knauer et al., 2013).  
Future research using subsequent memory paradigms may use high-
resolution fMRI to examine whether activity in CA1 predicts successful long-term 
memory encoding. Although the experiments described here did not include a 
subsequent memory paradigm, neuroimaging investigations have shown that EC, 
PrC, and PHC activity during the WM delay is associated with long-term memory 
performance (Schon et al., 2004; Axmacher et al., 2008). In addition, recent high-
resolution imaging work using faces as stimuli has shown that CA1 activity is 
associated with long-term encoding of distinct features, but not similarities (Carr, 
Engel, & Knowlton, 2013), consistent with findings reported in this thesis 
(Chapter 4). The results from chapter 4 show similar clusters of activation during 
the WM delay and extend previous studies that suggest that these regions may 
facilitate the transfer of information from WM into long-term memory.  
There is a lack of consensus concerning the specific role of the 
hippocampus during the WM delay. It has been argued that the role of the 
hippocampus is not related to actively maintaining higher WM loads; rather 
hippocampal activity during WM delay reflects long-term memory processes 
engaged to compensate when item capacity is exceeded and WM resources are 
unable to maintain high loads (Jeneson et al., 2010). The results presented in 
chapter 4 help address this discrepancy and show CA1 involvement at higher 
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WM loads during the active maintenance of distinct items (Load 4 Dissimilar > 
Load 2 Dissimilar); at lower WM loads for similar items vs. dissimilar items (Load 
2 Similar > Load 2 Dissimilar), CA1 does not show an increase in activity during 
the delay suggesting that CA1 does play a contributing role during WM 
maintenance when items that are dissimilar in nature are actively maintained. 
Together, these results show that CA1 may show support in the active 
maintenance of overlapping items at lower loads, and for distinct, dissimilar items 
at higher WM loads.  
Taken together, these results appear to be somewhat inconsistent. The 
initial hypothesis in experiment 3 was that CA1 would show selective 
engagement to support higher WM loads of similar items. In fact, analysis 
showed the opposite pattern – CA1 showed sustained activity for dissimilar items 
at higher WM loads. Additionally, a contrast between high and low WM loads in 
experiment 2 showed no hippocampal activity during the delay. There are a 
number of possibilities that may address these discrepancies. Different stimuli 
were used during the three experiments. In the first and third experiments, we 
employed human faces as stimuli in the WM paradigms. In the second 
experiment, stimuli included images of novel, complex scenes. It has been 
argued that facial recognition may rely on discriminating one specific feature 
within a visually ambiguous category (Damasio, 1990). Others have argued that 
facial processing requires more generalized processing of faces while scene 
processing requires encoding detailed features (Farah, 1998). In addition, scenes 
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carry spatial information and faces have been used in many tasks, as they are 
non-spatial stimuli. It is possible that the WM tasks employing faces may place 
greater demand on disambiguation or discrimination because of the similar 
features that faces share. In contrast, scenes often have discriminating features 
or objects (e.g., cars, trees, buildings) that may facilitate processing multiple 
items during WM. Therefore, maintaining distinct faces at higher WM loads may 
recruit CA1 during a delay period while maintaining distinct scenes may not place 
a similar demand on active maintenance processes during WM delay.  
Under greater WM loads, we fail to see evidence of CA1 contributions to 
actively sustain similar items. It is possible that shared features, such as identity, 
may be encoded and maintained by a distributed representation within the EC 
and CA1. Therefore, when multiple items that are similar to one another are 
processed during WM, resources related to encoding and maintaining these 
similar items may be shared and activity within the hippocampus and EC may be 
normalized. However, when visually distinct items are encoded and subsequently 
maintained across a brief delay, neuronal firing within CA1 and EC may be 
increased and reflect different oscillatory phases conveying information about 
distinct memory items. Therefore, CA1 and the EC may exhibit persistent firing 
while maintaining multiple items with distinct features.  
In our daily lives, we process elements of events that may overlap with 
one another within similar spatial, temporal, or perceptual contexts. There is a 
general understanding that the hippocampus and surrounding MTL structures 
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help minimize this overlap and convey pertinent information about these events 
into long-term memory storage that can later be accessed. The research 
described in this dissertation focused on characterizing the hippocampal subfield 
and MTL subregion response to disambiguation and increased item load during 
WM encoding and maintenance and indicate that the role of the hippocampus 
and MTL subregions during WM may be influenced by WM load and the similarity 
of the items that are processed. These results indicate that WM disambiguation 
and maintaining increasing item loads may help explain the function of the 
hippocampal subfields and MTL cortices in the formation of long-term memories. 
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